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High-resolution  photodissociation  spectroscopy  has  been  used  to 
characterize  singly  charged  metal-ligand  binary  ions  in  the  visible  region. 
Molecular  ions  of  interest  [e.g.  (M+-L)  complexes,  where  M+  is  either  Ca+,  Co+ , 
V+ ,  Nb+ ,  Ta+  or  Fe+  with  Ar,  Kr,  Xe,  CO  and  C02  'ligands']  and  metal  diatomic 
ions  [Ni2+and  CrFe+],  generated  in  a  laser-driven-plasma  supersonic  expansion 
ion  source,  are  mass-selected  prior  to  photo-interrogation  with  tunable  laser  light. 
Vibronic  analysis  of  the  spectra  for  various  molecular  ions  provide  their 
spectroscopic  constants;  vibrational  frequencies  and  anharmonicities  of  the 
excited  states  are  obtained. 
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For  diatomic  metal  cation  -  (rare-gas)  complexes,  band  systems  with  long 
progressions  (that  lead  to  convergence)  are  analyzed  via  LeRoy-Bernstein  (LB) 
protocol  to  provide  accurate  dissociation  limits  for  the  probed  excited  states. 
From  this  analysis  both  ground  and  excited  states  well  depths  are  then 
determined.  Each  molecular  ion  has  a  unique  LB  slope  which  depends  on  both 
the  polarizability  of  the  rare  gas  and  the  reduced  mass.  Thus,  from  several 
examples  of  M+(Ar)  systems,  the  effective  electric-dipole  polarizability  volume  of 
argon  (derived  from  LB  slopes)  in  a  field  of  a  point  charge  yields  a  value  (1 .48  ± 
0.1  A3)  slightly  less  than  the  accepted  literature  'bulk*  value  (1.64  A3). 

Trends  in  the  binding  energies  of  transition  metal  cation  -  ligand  systems 
and  calcium  cation  -  (rare  gas)  complexes  are  discussed.  Comparisons  between 
experimental  observations  and  theoretical  predictions  indicate  that  calculations 
estimate  parallel  trends  to  experiment  but  consistently  underestimate  the  true 
binding  energies  by  =20  %. 
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CHAPTER  1 
INTRODUCTION 


In  order  to  understand  chemical  reactions,  characterization  of  the  forces 
holding  atoms  together  has  to  be  made.  Extensive  reference  data  on  covalently 
bound  molecules  can  be  found  in  literature,  such  as  the  CRC  Handbook  of 
Chemistry  and  Physics  [1].  On  the  contrary,  fewer  examples  of  inductively-bound 
molecular  ions  are  represented  [2].  Details  of  the  binding  mechanism,  molecule 
structure,  energetics  and  dynamics  involved  in  an  ion-neutral  system  are  not  yet 
fully  characterized  either.  As  a  result,  both  experimentalists  [3-5]  and  theorists 
[6,7]  (have  and)  are  still  conducting  research  in  this  field.  The  analysis  of  the 
data  acquired  for  this  dissertation  adds  new  spectroscopic  parameters  for 
several  molecular  ions.  In  addition,  comparisons  of  experimental  observations 
and  theoretical  predictions  are  made  in  order  to  determine  the  accuracy  of  the 
postulated  models. 

The  chemistry  of  transition  metal  containing  complexes  is  extremely 
important  in  the  fields  of  inorganic  and  surface  chemistry.  Applications  of  the 
obtained  experimental  data  are  numerous.  Briefly,  the  ability  of  transition  metal 
complexes  to  act  as  catalysts  for  many  types  of  chemical  reactions  in  solution  [8] 
has  caught  the  interest  of  many  researchers.  The  abundance  of  low-lying 
electronic  states  [9]  is  one  of  the  vital  features  of  transition  metal  cations  that  is 
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central  to  their  ability  to  catalyze  chemistry,  since  it  enables  the  metal  center  to 
be  a  versatile  reaction  site  to  which  many  different  types  of  ligands  can  bond  and 
subsequently  react.  However,  the  density  of  such  states  makes  it  difficult  to 
generate  transition  metal  (TM)  complexes  in  any  one  specific  electronic  state. 
This  challenge  has  been  overcome  through  the  development  of  laser 
spectroscopy  in  supersonic  molecular  beams  [10]. 

High-resolution  laser  photodissociation  spectroscopy  can  provide 
accurate  information  on  the  structure  and  binding  of  unstable  molecular  ions  or 
small  cluster  ions  that  can  only  be  generated  in  small  quantities  (=108  ions  per 
laser  pulse,  see  Appendix  A).  The  gas  phase  molecular  ions  are  isolated  prior  to 
photo-interrogation  in  a  custom  built  time-of-flight  mass  spectrometer  (TOF-MS) 
in  order  to  eliminate  contamination  (from  other  absorbing  species)  and  are  by 
their  nature  "free"  of  solvent  or  matrix  effects. 

In  this  study,  the  design  of  the  Brucat  research  group  experimental 
apparatus  [chapter  2]  has  made  it  possible  to  generate  cold  nascent  cluster  ions 
(Trot  <10  K)  and  their  properties  determined  from  the  obtained  resonant 
photodissociation  spectra.  This  technique  has  proven  to  be  a  powerful  means  for 
studying  systems  of  transition  metal  cation  complexed  with  various  ligands. 
However,  the  lifetime  of  molecular  ions  plays  a  vital  role  in  whether  a  spectrum 
will  be  obtained  or  not.  That  is,  the  prepared  molecular  ion  must  absorb  the 
visible  photon  of  laser  light  and  dissociate  in  the  time  scale  of  the  experiment  (1 
ps  <  t  <  10  us).  For  very  short  lived  excited  states  the  spectrum  appears  as  a 


featureless  threshold  (for  example:  NiN20+  [11])  above  which  only  broad 
photodissociation  resonances  are  observed  and  below  which  no  resonant  one- 
photon  dissociation  is  detected.  If  however,  the  lifetime  of  the  excited  states  is 
much  longer  than  the  experimental  time  window,  then  no  spectrum  will  be 
observed  (example:  MLn+;  n>  100).  The  probed  excited  states  of  molecular  ions 
with  appropriate  lifetimes  will  exhibit  vibronic  transitions  (if  the  molecular  ion  has 
enough  time  to  vibrate)  and  ro-vibronic  transitions  (if  the  molecular  ion  has 
enough  time  to  rotate)  prior  to  dissociating.  The  spectra  of  these  ions  result  from 
direct  or  predissociation  mechanism. 

Resonant  two-color  dissociation  (R2CD)  technique  [chapter  2]  has  been 
successfully  applied  to  systems  that  have  adiabatic  binding  energies  (D0")  that 
are  larger  than  the  one-photon  energy  (coming  from  the  first  laser  pulse)  and  for 
determining  the  lifetime  of  the  excited  states  (examples:  Ni2+  and  CrFe+  [chapter 
8]). 

Investigated  projects  in  this  dissertation  involve  characterization  of  both 
diatomic  and  polyatomic  molecular  ions.  Chapters  3  to  7  focus  primarily  on 
systems  that  exhibit  inductive  forces  [12] ,  such  as,  charge-(induced-dipole), 
charge-quadrupole  and  charge-(dipole)  shown  in  Figure  1-1.  However,  three 
examples  FeCO+ ,  Ni2+and  CrFe+  are  also  covalently  bound  complexes.  The 
following  topics  are  addressed: 
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INDUCTIVE  OR  ELECTROSTATIC  FORCES 


Type  of  Interaction 
Charge-induced  dipole 


Energy  of  Interaction  (Example  ) 


q2a 


M+(Rare-gas) 


Charge-quadrupole 


q  Q 
4r3 


(3COS2fl  -1)  M+(C02) 


Charge-dipole 


q" 


COS0 


(M-CO)+ 


Figure  1-1 .  Electrostatic  Forces  (Long-Range  Attraction)  of  Studied  M+-L 
Complexes. 


All  studied  metal  cation-rare  gas  diatomics  are  fundamentally  bound  by  a 
charge-(induced-dipole)  interaction  and  the  equation  that  describes  this  energy  is 
given  in  the  top  panel  of  this  figure.  Polyatomic  examples  include,  Fe+«C02  which 
is  bound  primarily  by  a  charge-quadrupole  interaction  and  the  formula  that 
predicts  this  energy  is  given  in  the  middle  panel.  Fe+-CO,  which  is  a  covalently 
bound  molecular  ion,  has  additional  electrostatic  forces  such  as  charge-dipole 
(described  in  the  bottom  panel)  and  charge-quadrupole  forces.  A  covalent  bond 
has  no  simple  expression. 


a)  Chapters  3,  4  and  5  present  a  study  of  M+»(Rg)  diatomic  ions.  Trends  in 
the  binding  energies  as  a  function  of  both  metal  ion  and  the  ligand  are 
discussed. 

b)  Calculation  of  the  polarizability  of  Ar  is  presented  in  Chapter  6.  Since 
several  transition  metal  cation-Argon  complexes  have  been  a  subject  of 
the  Brucat  research  group  for  the  past  decade,  there  exist  enough  data 
from  which  the  effective  electric-dipole  polarizability  of  Argon  in  a  field  of  a 
positive  point  charge  can  be  derived.  Therefore,  this  information  has 
been  extracted  and  results  are  presented. 

c)  Chapter  7  presents  excited  states  progressions  of  spin-allowed  and  spin- 
forbidden  transitions  probed  in  FeCO+  and  FeC02+,  respectively. 

d)  Chapter  8  focuses  on  the  two-color  photodissociation  of  transition  metal 
diatomic  ions,  Ni2+  and  CrFe+. 

Ion-neutral  systems  serve  as  models  for  solvation  processes.  A  common 
example  is  the  dissolution  of  NaCI(s)  in  water  which  is  presented  in  essentially  all 
general  chemistry  text  books.  The  binding  energy  of  a  sodium  cation  to  a  water 
molecule  can  be  described  as  a  charge-dipole  interaction  (dipole  of  H20  =  1.847 
D  [2]),  however,  studying  simpler  systems  such  as  M(Rg)+  which  are  primarily 
bound  by  charge-(induced  dipole)  forces  serves  as  the  first  step  to  characterizing 
such  electrostatic  forces.  By  studying  metal  cations  ligated  with  a  rare  gas  atom 
the  system  is  simplified  to  a  level  that  can  easily  be  tractable  by  theoretical 


investigations.  Once  these  complexes  are  fully  characterized,  then  those  with 
higher  orders  of  multipoles  can  also  be  examined. 

Previous  members  of  the  Brucat  research  group  have  studied  various 
transition  metal  cation-water  systems  [3-5]  and  theory  has  predicted 
spectroscopic  properties  of  some  of  these  molecular  ions  [6,7].  However, 
sample  data  in  literature  both  from  experiment  and  theory  of  M*«(Rg)  complexes 
far  outnumber  those  of  M+-(H20)  systems. 

The  next  logical  step  up  from  studying  metal  cation-rare  gas  diatomic  ions 
would  be  to  investigate  properties  of  polyatomic  systems.  This  is  the  topic  of 
chapter  7.  The  primary  electrostatic  forces  described  are  both  charge- 
quadrupole  (example:  Fe+«C02)  and  charge-dipole,  as  illustrated  in  Figure  1-1. 
However,  a  more  complex  system,  FeCO* ,  that  exhibits  both  these  electrostatic 
forces  in  addition  to  a  covalent  bond  character  (which  is  also  found  in  metal 
cation-metal  complexes  [chapter  8])  has  also  been  spectroscopically  probed. 
Metal  dimer  cations  are  expected  to  be  the  most  bound  of  the  studied  examples 
here. 

Almost  all  of  the  data  presented  in  this  dissertation  deal  with  vibronic 
analysis  of  the  obtained  spectra  and  spectroscopic  parameters,  such  as 
vibrational  frequencies,  anharmonicities  and  binding  energies  of  the  probed 
states  are  provided.  In  addition,  a  measure  of  the  effective  electric-dipole 
polarizability  of  argon  in  the  presence  of  a  positive  point  charge  is  presented. 
Evidence  of  two  photodissociation  pathways  for  CrFe+  molecular  ion  is  revealed 
in  the  obtained  spectra. 


CHAPTER  2 
EXPERIMENT 


The  vibrational  and  rotational  analysis  of  the  spectra  of  molecules  provide 
some  information  about  their  geometry.  Traditional  spectroscopic  techniques, 
such  as  Infrared  (IR)  and  Raman  absorption  spectroscopy  useful  for  normal 
stable  molecules,  are  hard  pressed  to  deal  with  novel  molecules  such  as 
charged  species.  Therefore,  for  unstable  complexes  that  can  be  generated  only 
in  small  quantities,  techniques  with  fast-time  response  and  higher  sensitivity  are 
essential.  Consequently,  in  the  past  twenty  years  the  development  of  laser 
spectroscopy  in  supersonic  molecular  beams  pioneered  by  Smalley  et  al.  [10] 
and  Levy  [13]  has  grown  and  diversified.  The  use  of  supersonic  expansion 
allows  the  preparation  of  isolated,  internally  cold  gas  phase  molecules  thus 
retaining  the  advantage  of  matrix  isolation  spectroscopy  without  the 
disadvantage  of  matrix  effects.  The  spectral  simplification  that  results  when  the 
internal  degrees  of  molecular  freedom  are  cooled  facilitates  the  analysis  of 
spectra  that  would  otherwise  be  complicated. 

Various  spectroscopic  techniques  are  being  used  in  conjunction  with 
supersonic  expansions  to  study  weakly  bound  (van  der  Waals  or  electrostatic) 
complexes.  Some  examples  of  the  utilized  techniques  include  photodissociation, 
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stimulated  emission  pumping,  laser  induced  fluorescence  and  photoelectron 
spectroscopy.  For  the  work  presented  in  this  dissertation  photodissociation 
spectroscopy  was  used,  as  described  here. 

Experimental  Procedures  for  Photodissociation  Spectroscopy 

A  detailed  outline  of  the  experimental  equipment  (manufacturers, 
dimensions  and  modifications)  including  procedures  appeared  previously  [5,6]. 
Thus,  only  a  summary  of  the  general  overview  of  experimental  procedures 
involved  in  obtaining  one-photon  dissociation  and  two-color  or  two-photon 
dissociation  spectra  is  provided.  However,  any  new  developments  or 
improvements  will  be  elaborated  upon. 

Figure  2-1  displays  an  illustration  of  the  experimental  apparatus.  The 
focused  light  of  the  second  harmonic  generated  from  a  Nd3+:YAG  laser  (7  ns 
duration  with  10-25  mJ/cm2 )  vaporizes  the  surface  of  a  rotating  target  rod 
(mainly  composed  of  the  metal  of  interest)  to  generate  atoms  and  subsequently 
ionizes  them  to  make  both  positive  and  negative  ions.  The  vaporization  laser  is 
timed  to  fire  at  the  center  of  the  highest  density  portion  of  a  pulsed  Helium  gas 
seeded  with  <1%  of  ligating  gas  or  reactant  species.  The  generated  ions  and 
neutrals  are  expanded  through  a  small  orifice  (2  mm  diameter)  and  cooled  into 
the  vibrationless  level  of  the  ground  electronic  state  via  supersonic  expansion  as 
shown  in  Figure  2-2. 
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Figure  2-1 .  Illustration  of  the  Experimental  Apparatus. 

This  figure  [from  Ref.  6]  shows  the  setup  of  the  experiment.  The  molecular  ions 
are  generated  in  a  pulsed  laser-driven  plasma  supersonic  expansion  source.  The 
vaporization  laser  (top  right)  is  timed  to  fire  in  the  middle  of  a  pulsed  gas  (seeded 
with  =1  %  ligating  species  in  Helium  carrier  gas).  The  resulting  molecular  beam 
is  expanded  and  cooled  through  a  supersonic  nozzle  then  collimated  by  the 
skimmers.  Approximately  1  m  downstream  of  the  supersonic  orifice,  the  positive 
ensemble  is  accelerated  90°  out  of  the  beam  with  a  kinetic  energy  ca.  1 .45  keV 
into  a  custom  time-of-flight  mass  spectrometer.  The  ions  are  deflected  and 
guided  by  both  deflectors  and  einzel  lenses  into  the  entrance  of  kinetic  energy 
filter  (hemispherical  electrostatic  sector).  Photodissociation  spectra  are  obtained 
by  monitoring  the  photocurrent  of  the  fragment  ion  (using  the  micro  channel  plate 
detector)  that  results  from  an  isolated  parent  ion  as  a  function  of  the  laser 
energy.  The  laser  light  simultaneously  strikes  the  neon  optogalvanic  cell  from 
which  a  neon  spectrum  is  obtained  for  spectral  calibration. 


Figure  2-2.  Molecular  Beam  Source. 


The  figure  displays  the  laser-driven  plasma  expanding  (right  to  left)  out  of  the 
supersonic  nozzle.  The  skimmer  on  the  left  (cone)  collimates  the  gas  flow  of 
clusters  into  a  molecular  beam. 


The  operating  pressure  in  the  main  chamber  where  atomic  and  molecular 
ions  are  generated  is  10~5  Torr.  The  inlet  gas  flow  (consisting  of  high  pressure 
pulse  of  helium  seeded  with  =1  %  ligating  gas  or  reactant,  normally  between  20 
to  150  PSI)  through  the  nozzle  orifice  counterpropagat.es  along  the  vaporization 
laser  beam  axis  and  a  plasma  is  generated.  This  plasma  expands  adiabatically 
and  two  skimmers  aid  in  collimating  the  gas  mixture  flow  into  a  molecular  beam. 
The  beam  thus  formed  travels  through  two  differential-pumping  regions  defined 
by  the  skimmers  with  operating  pressures  of  1 0"6  and  1 0"7  Torr  respectively.  The 
10~7  Torr  region  is  liquid  nitrogen  trapped,  oil-free  chamber  and  serves  as  an 
acceleration  region  of  a  custom  time-of-flight  mass  spectrometer  (TOF-MS). 

The  positive  ensemble  is  accelerated  90°  out  of  the  molecular  beam  with 
a  kinetic  energy  ca.  1.45  keV  into  a  custom  TOF-MS.  As  the  ions  travel  down  a 
2.45  m  flight  tube  mass  separation  occurs,  and  the  molecular  ion  ensemble  is 
guided  by  deflectors  and  einzel  lenses  (labeled  in  Figure  2-1)  into  the  entrance 
aperture  of  a  1 80°  electrostatic  sector  which  serves  as  an  ion  kinetic  energy  filter. 
The  time-of-arrival  at  the  detector  (micro  channel  plates,  MCP)  determines  the 
mass  to  charge  ratio  (m/z)  at  the  time  of  acceleration.  TOF-MS  are  obtained  by 
setting  the  electrostatic  analyzer  to  transmit  ions  of  the  full  beam  kinetic  energy 
ca.  1.45  keV. 

Isolation  of  a  molecular  ion  of  interest  is  then  possible  based  on  its  time  of 
arrival  at  the  detector.  The  one-photon  dissociation  mechanism  utilizes  the 
energy  output  from  a  Nd3+:YAG  pumped  dye-laser  (labeled  Dye:1  in  Figure  2-1) 


which  is  used  to  photoexcite  ground  state  vibrationless  level  molecular  ions  into 
a  specific  excited  state  energy  level.  Electrostatic  energy  distribution  of  the  ions 
following  photoexcitation  allows  for  the  determination  of  the  fragmentation  yield 
of  any  given  parent  ion.  That  is,  fragment  ions  produced  via  photodissociation 
are  detected  at  the  time-of-arrival  associated  with  the  parent  mass  but  at 
laboratory  kinetic  energies  approximately  equal  to  the  parent  beam  energy  (955 
V)  times  the  ratio  of  fragment  to  parent  ion  masses.  The  optical  spectra  of  the 
mass  selected  isotopomers  are  obtained  simultaneously  (but  separately)  in  order 
to  record  accurate  isotope  shift.  The  one-color  dissociation  technique  has  been 
successfully  applied  to  all  studied  systems  presented  in  this  dissertation  with  the 
exception  of  metal  dimer  cation  complexes  for  which  two-photon  or  two  color 
dissociation  experiments  were  conducted. 

For  the  two-color  or  two-photon  dissociation  technique,  photoexcitation  is 
accomplished  with  the  visible  light  of  two  Nd3+:YAG  pumped  dye-lasers.  The  first 
laser  pulse  of  lower  power  =5  mJ/cm2  (excitation)  serves  to  prepare  an  excited 
vibronic  level  of  the  molecule.  The  dissociation  of  the  photoexcited  ion  is 
accomplished  by  a  second  laser  pulse  of  higher  energy  and  fixed  frequency. 
Calibration  is  accomplished  by  simultaneous  acquisition  of  Neon  optogalvanic 
transitions  with  the  ion  photodissociation  spectrum.  In  order  to  transform  the 
calibrated  transition  frequencies  to  the  rest  frame,  a  Doppler  frequency 
correction  is  performed.  To  facilitate  data  acquisition,  critical  timing  parameters 
and  voltages  are  performed  by  CAMAC  crate/microcomputer  combination. 


Details  of  Some  Crucial  Aspects 

Gas  Mixture 

The  gas  mixture  is  either  premixed  in  a  cylinder  ( with  volume  ~  50  L ) 
which  is  delivered  by  a  regulator  or  may  be  mixed  dynamically  using  dual 
regulators  and  a  reservoir  of  a  volatile  substance  (e.g.,  acetone  or  carbon 
tetrachloride  with  helium  flowing  over  it).  Preparation  of  a  1%  tank  of  Ar  in  He 
would  require  diluting  10  PSI  of  pure  Ar  in  pure  He  to  a  total  of  1000  PSI  mixed 
gas  and  at  least  48  hours  of  "equilibration"  for  the  concentration  to  be  uniform 
within  the  tank.  The  gas  mixture  is  then  ready  to  be  used  for  the  experiment. 
The  final  concentration  of  the  prepared  gas  mixture  can  be  directly  obtained  from 
the  time  of  arrival  of  the  molecular  ions  at  the  "A"  chamber  (demonstrated  in 
appendix  A). 

Success  with  four  reactions  using  the  dynamic  method  has  yielded 
spectra  in  some  molecular  ions.  Equations  of  three  new  reactants  seeded  in  He 
are  given,  below 
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The  first  reactant  ligand  studied  in  the  Brucat  research  group  was  water,  details 
and  spectra  of  M(H20)+  complexes  are  presented  elsewhere  [5,6].  Sample  time- 
of-flight  mass  spectra  are  provided  in  Figures  2-3  and  2-4.  Figure  2-3  results 
from  a  nearly  pure  Fe  rod  (  and  reaction  with  acetone,  (CH3COCH3).  Figure  2-4 
results  from  reaction  of  the  Fe  rod  and  carbon  tetrachloride  ,  CCI4.  Note  that  in 
Fig.  2-3  acetone  reacts  with  Fe+  ion  to  produce  FeCO+  complex  for  which  a 
spectrum  has  been  obtained  and  is  discussed  in  Chapter  7.  An  alternative  to 
preparing  this  molecular  ion,  FeCO+,  was  to  pre-mix  a -  'Wo  CO  tank  in  pure  He 
and  both  methods  resulted  in  identical  photodissociation  spectrum.  In  the  same 
mass  spectrum,  a  second  CO  ligand  attached  to  the  iron  cation  was  also 
observed  and  Fe(CO)2+  complex  occurs  at  the  m/z  as  Fe^  dimer  ion. 

The  described  experimental  apparatus  allows  for  unit  mass  resolution 
thus  there  is  no  distinction  between  the  mass  peak  at  1 12  (m/z)  corresponding  to 
both  Fe2+  and  Fe(CO)2+.  As  a  result,  the  optical  spectra  of  these  molecular  ions 
were  not  investigated  under  these  conditions.  However,  it  is  possible  to 
synthesize  uncontaminated  Fe2+  ion  by  using  pure  He  as  a  carrier  gas  with  no 
ligating  gas  seeded  into  it.  Interestingly,  acetone  binds  preferentially  and  makes 
the  largest  cluster  ion  Fe(CH3COCH3)+  however,  there  were  no  resonant 
transitions  in  the  region  accessible  by  the  green  light  (532  nm)  pumped  dye  laser 
(1 1  200  to  1 8  000  cm'1 ),  see  Figure  2-5  for  dye  curves. 

Since  the  metal  is  the  chromophore  in  each  of  the  investigated  systems, 
the  species  of  interest  (in  the  TOF-MS)  are  complexes  that  contain  a  metal  that 
absorbs  in  the  visible.  The  second  reaction  of  transition  metal  cation  with  N20 
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Figure  2-3.  Time-of-Flight  Mass  Spectrum  of  Fe(L)+  Complexes:  Reactions  with 
Acetone. 


This  figure  shows  ions  resulting  from  the  vaporization  of  a  rod  with  =70  %  Fe  content. 
The  Fe  cations  complex  with  the  reactant  (  <1%  acetone  seeded  into  He  carrier  gas) 
and  the  main  products  of  this  reaction  are  labeled.  Note  that  the  mass  at  m/z  =  112 
corresponds  to  either  (or  both)  dimer  56Fe2+  or  56Fe(CO)2*. 
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Reaction  of  Fe+  with  CCI4 
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Figure  2-4.  Time-of-Flight  Mass  Spectrum  of  Fe(L)+  Complexes:  Reactions  with  CCI4. 


This  figure  shows  ions  resulting  from  vaporization  of  a  rod  of  =80  %  Fe  rod  content. 
The  Fe  cations  complex  with  the  reactant  (  <  1  %  CCI4  seeded  into  He  carrier  gas)  and 
the  main  products  of  this  reaction  are  labeled. 
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Figure  2-5.  Laser  Dye  Curves  for  Visible  Dyes. 


The  figure  shows  simplified  dye  out-put  power  curves  of  nine  pure  dyes,  labeled, 
plus  two  mixed  samples,  marked  with  asterisks,  as  a  function  of  energy 
(wavenumber).  The  optical  regions  accessible  by  each  dye  are  true 
representations,  however,  the  simulated  curves  were  generated  by  fitting  a 
parabola  to  known  maximum  dye  out-put  and  end  points  values  thus  the 
indicated  laser  intensity  is  only  an  approximation. 


yields  either  M0+  products  or  M(N20)+.  (Note  that  for  this  reaction  a  pre-mixed 
1%  N20  tank  in  He  was  used  as  a  carrier  gas.)  Early  transition  metal  cations 
form  very  strong  M-0  bonds  therefore  generation  of  MO*  is  preferred  as  was  the 
case  with  V*  and  Fe+  ions.  The  Brucat  research  group  has  successfully  made 
FeO+  molecular  ion  (using  N20  as  a  reactant)  and  probed  its  ro-vibronic  levels, 
however,  the  vibrational  spectrum  is  congested  and  thus  difficult  to  interpret. 
Rotational  resolution  of  some  of  the  bands  was  obtained,  and  data  are  currently 
being  analyzed.  For  late  transition  metal  cations  complexation  of  M*  with  N20  as 
a  ligand  occurs  with  no  evidence  of  MO+  in  the  mass  spectrum.  For  example, 
reaction  of  a  1  %  N20  (balance  He)  gas  mixture  with  Ni+  ions  formed  Ni^OT 
clusters  but  no  NiO+  molecular  ions.  The  adiabatic  binding  energy  threshold  for 
the  ground  state  of  Ni(N20)+  was  measured  [11]. 

Finally,  the  reaction  of  Fe+  with  carbon  tetrachloride  also  produced  a 
molecular  ion  of  interest  FeCI+  but  unfortunately,  like  Fe(acetone)+  there  was  no 
evidence  of  photodissociation  action  spectrum.  Indication  of  CCI4  gas  molecules 
that  have  reacted  to  form  CCI2+  or  (C^C^f*  molecular  ions  is  given  by  a  peak 
at  mass/charge  ratio  of  82  and  the  iron  dimer  cation  (m/z  of  1 12)  is  not  formed 
here.  In  both  Figures  2-3  and  2-4  the  atomic  Fe+  peak  was  the  most  intense 
and  it  appears  off  scale  since  the  y-axis  was  highlighted  to  "zoom  in"  on  the 
smaller  cluster  ions.  Natural  occurring  isotopes  (above  1%  in  abundance)  of  all 
the  atomic  ions  are  present  in  all  the  TOF-MS  and  contamination  in  the  iron  rod 
with  other  metals  such  as  Mn  with  a  mass  peak  at  55  m/z  are  also  revealed. 
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Pumped  Dye  Lasers  and  Spectral  Calibration 

Figure  2-5  shows  the  accessible  region  (1 1  200  to  18  000  cm"1)  of  the 
dyes  used  to  obtain  the  spectra  presented  in  the  next  chapters.  Since  the 
photof  rag  mentation  spectra  are  obtained  by  irradiation  of  the  molecular  ion  of 
interest  by  a  tunable  Nd3+:YAG  pumped  dye  laser  it  is  important  to  know  what 
regions  each  dye  will  access  with  adequate  laser  power  (minimum  dye  output  of 
5  mJ/cm2  per  pulse).  Note  that  these  curves  are  artificial  in  relative  laser  intensity 
since  only  the  maximum  and  perhaps  three  to  four  additional  data  points  were  fit 
to  a  standard  parabola.  However,  the  working  ranges  of  each  dye  are  expected 
to  be  reliable  representations.  The  experimental  dye  output  values  were 
measured  with  a  power  meter  for  the  (Lumonics)  Nd3+:YAG  pumped  dye  laser 
marked  1  in  Figure  2-1 .  This  dye  laser  was  used  to  probe  all  conducted 
experiments  whereas  the  second  laser  (Dye  2  in  Figure  2-1)  was  used  only  for 
two-color  experiments  [Chapter  8]. 

Figure  2-6  shows  the  observed  neon  transitions  in  the  accessible  optical 
region  and  Figure  2-7  shows  a  "close-up"  that  compares  literature  values  (tick 
marks  above  the  spectrum)  to  experimental  transitions  in  Ne  (spectrum).  Clearly, 
all  literature  neon  transitions  are  reproduced  in  the  experiment  and  serve  for 
spectral  calibration  of  the  unknown  photodissociation  spectra. 
Photodissociation  Techniques 

Two  types  of  experimental  techniques  were  tackled.  First,  the  most  direct 
methodology  which  was  used  for  all  molecular  ions  with  the  exception  of  metal  dimer 
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Neon  Optogalvanic  Spectrum 
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Figure  2-6.  Observed  Atomic  Transitions  in  Neon. 


The  figure  shows  neon  optogalvanic  transitions  observed  in  the  region  of  1 1  200 
to  18  200  cm"1.  The  intensity  and  sign  of  these  transitions  are  variable  and  they 
depend  on  the  probability  which  is  a  function  of  the  laser  light  power  and  voltage 
applied  to  the  hollow  cathode.  However,  the  line  positions  remain  unchanged, 
as  shown  in  Figure  2-7,  comparison  of  experiment  and  literature  neon 
transitions. 
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Neon  Optogalvanic  Spectrum 

Experiment  &  Literature  Line  Positions 


-J — 


Jill 


LI 


ik 


15200 


15600  16000  16400 

wavenumber 


16800 


17200 


Figure  2-7.  Observed  and  Literature  Atomic  Transitions  in  Ne. 


The  figure  shows  "a  closeup"  of  a  neon  optogalvanic  spectrum  in  the  region  15 
200  to  17  200  cm"1.  Comparisons  between  literature  (tick  marks  above  the 
spectrum)  and  experiment  (spectrum)  line  positions  indicates  that  all  known  neon 
transitions  are  probed  in  the  Brucat  group  experimental  apparatus. 


cations  was  the  one  photon-dissociation  (or  one-color  dissociation)  illustrated  in 
Figure  2-8.  If  photons  from  the  excitation  laser  populates  a  specific  vibrational 
energy  level  in  an  excited  state  which  is  to  higher  energy  than  the  adiabatic  limit  of 
the  ground  state,  then,  rapid  predissociation  event  may  occur.  The  photocurrent  of  a 
fragment  ion  (usually  M+ )  resulting  from  the  dissociation  of  an  isolated  parent 
molecular  ion  is  recorded  as  a  function  of  laser  frequency  as  indicated  in  all 
presented  photodissociation  spectra. 

The  mechanism  of  a  two-color  photodissociation  is  very  similar  to  that 
described  above  with  the  exception  that  two-photons  or  two-color  dissociation  lead 
to  a  spectrum.  Figure  2-9  displays  transitions  involved  in  a  two-color  dissociation 
experiment.  In  this  instance  the  timing  between  the  two  lasers  is  crucial  with  the 
resonant  laser  marked  (hv,)  preparing  the  excited  state  molecular  ions  and  the 
second  laser  (hv2)  held  fixed  at  a  non-resonant  frequency.  The  resonant  laser  first 
populates  a  specific  excited  state  energy  level  and  the  non-resonant  laser 
(dissociation  laser)  aids  in  promoting  the  molecular  ions  above  the  adiabatic 
dissociation  limit  as  illustrated  in  the  Figure.  Then,  coupling  of  this  prepared  level  to 
unbound  levels  lead  to  predissociation  as  described  above. 
Dissociation  Limits 

When  two  potential  energy  surfaces  involved  in  an  electron  transition  have 
different  re  values  (shown  in  Figure  2-10),  then,  Franck-Condon  factors  favor  long 
vibrational  progressions  in  the  excited  state,  for  photofragmentation  excitation 
spectrum.  The  measured  upper  vibrational  energy  levels  can  be  analyzed  via 
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Figure  2-8.  Representation  of  One-Photon/Color  Dissociation  Mechanism. 


When  an  isolated  molecular  ion  absorbs  a  photon  and  populates  a  specific 
excited  state  level  of  similar  internuclear  separation  to  the  ground  state 
(resonance)  but  above  the  adiabatic  dissociation  limit  (indicated  with  the  dashed 
line)  coupling  of  this  level  to  unbound  levels  at  this  energy  results  in  a  rapid 
predissociation.  The  photofragment  of  the  resulting  metal  cation  daughter  is 
monitored  as  a  function  of  laser  frequency. 
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Figure  2-9.  Representation  of  Two-Photon/Color  Dissociation  Mechanism. 


When  an  isolated  molecular  ion  absorbs  a  photon  (hv,)  and  populates  a  specific  excited 
state  level  of  similar  internuclear  separation  to  the  ground  state  (resonance)  but  below 
the  adiabatic  dissociation  limit  (indicated  with  the  dashed  line)  no  dissociation  can  occur 
unless  a  second  photon  or  color  at  a  fixed  non-resonant  energy  (hv2)  aids  in  effectively 
coupling  of  this  level  to  unbound  levels  at  an  energy  above  the  ground  state 
dissociation  threshold.  The  photofragment  of  the  resulting  metal  cation  daughter  is 
then  monitored  as  a  function  of  laser  frequency. 
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Internuclear  Separation 


Figure  2-10.  Vibronic  Intervals  Illustrated  for  a  Diatomic  Molecular  Ion. 


The  figure  displays  hypothetical  potential  energy  curves  as  a  function  of 
internuclear  separation  of  a  M-(Rg)+  complex.  The  presented  ground  state 
binding  energies  (D0"),  in  this  dissertation,  are  determined  from  the  difference 
between  the  measured  dissociation  limit  (marked  with  asterisks)  and  the 
assigned  atomic  difference  (AEAtomic)  corresponding  to  the  atomic  asymptotes  of 
the  relevant  states.  Excited  state  binding  energy  values,  D0',  are  then 
determined  from  subtracting  the  electronic  term  origin  T00  (derived  from  fitting 
observed  vibrational  energy  levels  to  a  standard  function  given  by  Equation  3-1) 
from  the  known  dissociation  limit  of  that  particular  state. 


LeRoy-Bernstein  (LB)  [14]  method  to  determine  the  excited  state  dissociation  limit, 
D*(LB),  marked  with  asterisks  in  Figure  2-10.  The  ground  state  binding  energy  D0" 
can  be  calculated  by  using  the  simple  relationship:  [  D0"  =  D*(LB)-AEAtornjc  ]  provided 
the  atomic  transition  energy  is  known  [9].  Assuming  a  Morse  type  potential  energy 
surface,  the  observed  vibrational  energy  levels  can  be  fit  to  the  predicted  energy 
levels  of  a  Morse  function.  Spectroscopic  constants  such  as  the  electronic  term 
origin,  T"^,  vibrational  frequencies  and  anharmonicities  can  be  determined  from  this 
type  of  data  analysis. 


CHAPTER  3 
THE  C-X  TRANSITION  IN  CaKr+  AND  CaAr 


In  our  goal  to  describe  the  chemical  bonding  in  all  possible  types  of 
molecules,  involving  any  combination  of  constituent  elements,  it  is  important  to 
survey  benchmarks  of  particular  types  of  interactions  which  will  play  the  role  of 
signposts  in  the  quest  for  new  and  uncharacterized  systems.  Molecules  that 
serve  as  these  benchmarks  should  be  completely  and  accurately  characterized, 
both  experimentally  and  theoretically,  and  be  as  'pure'  an  example  of  a  particular 
chemical  interaction  as  possible. 

One  type  of  limiting  behavior  in  chemical  bonding  is  the  electrostatic  bond. 
In  general  chemistry,  the  first  kind  of  solid  discussed  is  the  ionic  salt  (e.g.,  NaCI) 
which  is  stable  not  because  of  covalent  sharing  of  the  electrons  of  the 
constituent  atoms,  but  by  the  simple  electrostatic  interaction  of  the  atomic  ions 
which  result  from  electron  donation  of  electrons  from  the  metal  to  the  halogen. 

Electrostatic  complexes  of  ions  with  neutrals  are  conceptually  simpler  still. 
Before  the  complex  is  formed,  an  electron  is  removed  from  the  metal  forming  a 
cation,  and  this  ion  interacts  with  the  polarized  neutral  'ligand'  to  form  a  complex. 
In  the  limit  of  pure  electrostatics,  no  electron  donation  or  sharing  takes  place. 
Metal  ion  -  rare  gas  diatomic  complexes  are  the  smallest  and  simplest  example 
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of  such  behavior.  If  the  metal  ion  is  that  of  an  alkali  element,  such  as  NaAr+, 
then  the  complex  is  composed  of  two  spherically  symmetric  centers,  and  the 
description  of  this  molecule  is  quite  analogous  to  that  of  the  NaCI  solid.  If, 
however,  the  neutral  metal  atom  has  more  valence  electrons  than  it  loses  upon 
ionization,  the  resulting  ion  has  'extra'  electrons  outside  a  closed  shell,  and  is 
'lumpy'.  The  character  of  the  complex  will  depend  largely  on  the  interaction  of 
the  ions'  valence  electrons  with  the  closed  shell  of  the  rare-gas,  and  will  have 
properties  that  vary  for  different  electronic  configurations  of  the  metal  ion. 

In  the  following  study  a  metal-ion  rare  gas  complex  that  has  just  one 
'extra'  electron  on  the  metal  center,  an  (alkali-earth  ion)  -  (rare-gas)  complex  is 
examined.  In  the  ground  state,  this  metal  valence  electron  is  in  an  s-orbital,  and 
the  metal  is  spherical  and  'alkali  like'.  After  photoexcitation,  this  electron  may  be 
promoted  to  a  p-orbital,  or,  as  in  this  study,  promoted  to  a  d-orbital.  The  excited 
state  of  the  complex  in  this  latter  configuration  exhibits  the  behaviour  of  a 
transition  metal  ion  complex. 

CaKr* 

Figure  3-1  shows  a  portion  of  the  resonant  photodissociation  spectrum  of 
40Ca84Kr+  +  hv  -  40Ca+  +  84Kr  which  contains  the  only  electronic  transition  of  this 
molecular  ion  observed  to  date.  Another  isotopic  variant  of  this  molecule, 
40Ca86Kr+,  is  also  observed  at  natural  abundance  simultaneously  during  the  scan, 
but  is  not  displayed  in  this  figure.  As  is  usual  in  spectra  of  this  type,  the 
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horizontal  axis  of  this  figure  is  the  frequency  of  the  dissociation  laser  and  the 
vertical  axis  is  the  relative  photodissociation  yield,  i.e.  the  Ca+  photocurrent.  No 
Kr+  is  observed  as  a  photoproduct.  The  spectrum  in  Figure  3-1  results  from  a 
one-photon  absorption  of  the  ion  followed  by  predissociation;  the  upper  state  of 
this  transition  is  well  above  the  adiabatic  dissociation  limit  of  the  molecule.  The 
features  in  the  spectrum  represent  vibronic  transitions  in  the  electronic  system 
labelled  C-X,  as  it  is  expected  to  be  the  third  reddest  of  all  possible  electronic 
transitions  originating  from  the  ground  electronic  state.  The  transitions  are 
labelled  in  the  figure  by  their  upper  and  lower  vibrational  quantum  numbers  in  the 
accepted  form:  (v'.v"). 

The  relative  intensities  and  spacings  of  the  transitions  readily  lead  to  the 
proposed  assignment  and  the  resulting  spectroscopic  constants  for  the  upper 
and  lower  states  in  the  transition.  The  very  small  isotope  shifts  observed 
between  40Ca84Kr+  and  40Ca86Kr+  bands  are  consistent  with  this  assignment. 
Table  3-1  lists  the  line  position  of  observed  and  calculated  transitions  for 
40Ca84Kr+  and  40Ca40Ar+  complexes.  The  observed  band  origins  are  used  in  the 
determination  of  the  electronic  and  vibrational  constants  in  the  standard  formula, 


v(v  ',0)  =  T    +  J 
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Figure  3-1.  Resonant  Photodissociation  Spectrum  of '"'Ca^Kr* 


A  portion  of  the  resonant  photodissociation  spectrum  of  CaKr+  in  the  region  of 
the  C-X  transition.  The  horizontal  axis  is  dissociation  laser  frequency,  in  cm"1, 
and  the  vertical  axis  is  the  Ca+ photocurrent  resulting  from  the  dissociation  of 
mass  selected  40Ca84Kr+.  The  vibrational  quantum  number  assignments  of  the 
transition  are  marked  in  the  form:  (v',v").  The  question  mark  (?)  is  placed  where 
the  (3,0)  transition  is  tentatively  assigned.  It  should  be  noted  that  this  spectrum 
is  the  composite  of  a  low  laser  power  (right)  and  a  high  laser  power  (left)  scan. 
The  'splice'  occurs  at  ca.  14170  cm*1,  and  was  made  to  make  the  hot  band  more 
noticeable  while  not  saturating  the  cold  bands.  The  hot  band  intensity  is 
exaggerated  by  about  a  factor  of  5  by  this  method. 
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Table  3-1.  Line  Positions  of  Assigned  C-X  Transitions  for  CaKr+  and  CaAr+  [cm'1]. 


40Ca84Kr+ 

V,  V" 

Observed 

Calculated3 

Obs-Calc 

0,1 

14143.6 

- 

0,0 

14217.6 

14217.2 

0.4 

1,0 

14271.0 

14271.8 

-0.8 

2,0 

14321.6 

14321.1 

0.4 

3,0 

14363.0 

14365.0 

-2 

"Ca^Ar* 

V,  V" 

Observed 

Calculated3 

Obs-Calc 

0,0 

14093.0 

14093.0 

0.0 

1,0 

14132.7 

14132.7 

0.0 

2,0 

14170.6 

14170.5 

0.1 

3,0 

14206.3 

14206.4 

-0.1 

4,0 

14240.2 

14240.3 

-0.1 

5,0 

14272.5 

14272.4 

0.1 

6,0 

14302.6 

14302.5 

0.1 

7,0 

14330.6 

14330.7 

-0.1 

aFit  of  observed  transitions  to  Eq.  3-1 . 


The  derived  constants  for  the  40Ca84Kr+  and  40Ca40Ar+  ions  may  be  found  in 
Table  3-2.  The  presence  of  an  upper  state  vibrational  progression  as  well  as 
the  difference  in  vibrational  spacing  (co">a)')  suggests  that  the  equilibrium  bond 
length  of  the  ground  state  is  shorter  than  that  of  the  excited  state. 

Figure  3-2  displays  a  closeup  of  the  origin  band  of  the  C-X  system. 
Unfortunately,  the  combination  of  limited  signal  to  noise  and  small  rotational 


Figure  3-2.  The  CaAr+  C-X  (0,0)  Band. 


A  'closeup'  of  the  origin  band  of  the  C-X  transition  in  CaKr+.  No  rotational 
structure  is  evident  but  the  band  is  clearly  red-degraded. 


Table  3-2.  Molecular  Constants  [in  cm"1]  of  the  Low  Lying  States  of  CaKfand 
CoAr+. 


CaKr+ 

Te 

Too 

ooe 

wexe 

De 

X 

2r  (Ca+  2S) 

74 

840±100 

c 

2I+  (Ca*  2D) 

14220 

14217 

60 

2.8 

330±100 

CaAr+ 

Te 

Too 

X 

2r  (Ca+  2S) 

890±100 

c 

2r  (Ca+  2D) 

14072 

42 

0.96 

525±100 

constants  of  the  bands  leaves  no  rotational  structure  evident.  The  red-degraded 
nature  of  the  band  is,  however,  distinctly  apparent.  This  also  supports  the 
conclusion  that  the  upper  state  has  a  longer  equilibrium  bond  length  than  the 
ground  state. 

The  electronic  transition  observed  in  Figures  3-1  and  3-2  must  be  the 
consequence  of  a  change  in  electronic  state  of  the  Ca+  ion  since  no  Kr  excited 
states  (nor  charge  transfer  transitions)  are  energetically  accessible.  In  fact,  the 
only  possible  assignment  of  this  transition  is  a  d-s  transition  at  the  Ca+  center, 
which  is  ,  of  course,  parity  forbidden  in  the  isolated  ion.  The  two  spin-orbit 
components  of  the  2D  state  of  the  Ca+  ion  lie  13650  { 2D3/2}  and  13711  { 2D5/2} 
cm'1  above  the  ground  2S  state  [9].  Since  the  electronic  origin  of  the  C-X 
transition  is  some  500  cm'1  to  the  blue  of  the  energy  difference  in  the  diabatic 
dissociation  limits,  the  ground  state  of  the  transition  must  be  more  strongly 
bound  than  the  excited  state  by  this  amount,  consistent  with  the  above 
discussion.  Of  the  three  symmetries  of  electronic  states  arising  from  the  upper 


state  dissociation  limit  (2r,  2n,  and  2A),  shown  in  Figure  3-3,  only  the  2T  state  is 
expected  to  be  more  weakly  bound  than  the  2T  ground  state,  and  thus  the  C 
state  is  assigned  this  symmetry.  The  2I~I,  and  2A  states,  although  not  observed 
directly  in  this  study,  are  expected  to  lie  to  lower  energy  than  the  C  2I+  state,  and 
are  reserved  the  A  and  B  designations  (see  Figure  3-3).  As  the  C  2I+state  is 
diabatically  correlated  to  the  Ca+(  2D5/2)  +  Kr  (1S)  limit,  the  difference  in  binding 
energies  of  the  C  and  X  states  may  be  determined  from  the  data  in  Table  3-2, 
i.e.  De"  -  De'  =  Te  -  13711  =  509  cm"1. 

The  diabatic  binding  energy  of  the  C  state  itself  may  be  crudely  estimated 
in  two  ways.  If  the  excited  state  potential  is  approximately  a  Morse  function,  De 
may  be  estimated  as  De  *  (oe2/4toexe  =  320  cm"1.  For  all  the  electrostatically 
bound  ions  that  have  been  studied  to  date,  this  approximation  has  yielded  a 
lower  limit  to  the  diabatic  dissociation  energy  [15-19].  When  higher  vibrational 
levels  are  observed  a  LeRoy-Bernstein  analysis  [14]  of  the  vibrational  first 
differences  for  a  limiting  1/r4  potential  has  been  shown  to  work  very  well  [18] . 
For  the  lowest  vibrational  levels  in  the  potential,  the  Leroy-Bernstein  plot  shows 
negative  curvature  for  all  Metal  -Rg+  ions,  and  thus  this  analysis  should  provide 
an  upper  limit  to  the  diabatic  dissociation  when  only  these  lowest  levels  are 
observed.  The  Leroy-Bernstein  analysis  of  the  C  state  gives  De  ■  337  cm'1,  in 
somewhat  surprising  agreement  with  the  Morse  potential  formula. 
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Figure  3-3.  Energy  Level  Correlation  Diagram. 


The  energy  level  diagram  indicating  the  correlation  between  atomic  calcium 
cation  states  and  the  resulting  Ca+-(rare  gas)  diatomic  molecular  ion  states  [15]. 
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Conservatively,  then,  the  excited  state  dissociation  energy  is  placed  at 
330±100  cm'1.  Using  this  value,  ground  state  binding  energy  of  the  CaKr+  ion  is 
840±100  cm'1. 

CaAr* 

Figure  3-4  shows  the  C-X  transition  observed  in  the  resonant 
photodissociation  spectrum  of  CaAr+.  This  spectrum  is  inferior  to  that  observed 
in  the  krypton  analog  of  this  molecule  because:  (1)  The  spectrum  is  'riding'  on  a 
background  of  the  dissociation  spectrum  of  Ca2+  (which  has  the  same  nominal 
mass/charge)  (2)  There  are  no  naturally  occurring  isotopes  of  the  molecule  with 
sufficient  abundance  to  confirm  vibrational  assignments  by  isotopic  shifts  in  the 
spectrum  and  (3)  no  hot  bands  can  be  assigned. 

Nonetheless,  the  spectrum  in  Figure  3-4  is  remarkable  in  likeness  to  the 
spectrum  displayed  in  Figure  3-1,  and  is  therefore  analyzed  in  the  same  way. 
The  position  of  the  origin  band  as  well  as  the  red-degraded  band  shapes  means 
the  upper  state  is  more  weakly  bound  than  the  ground  state.  Following  the 
reasoning  above,  the  C  state  is  more  weakly  bound  than  the  ground  state  by 
362  cm"1  in  this  ion.  Morse  analysis  of  the  vibrational  structure  gives  an  excited 
state  binding  energy  of  450  cm'1,  whereas  LeRoy  Bernstein  analysis  yields  600 
cm'1,  so  the  excited  state  diabatic  binding  is  taken  as  525±100  cm"1.  This  gives 
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Figure  3-4.  Resonant  Photodissociation  Spectrum  of  CaAr+. 


A  portion  of  the  resonant  photodissociation  spectrum  of  CaAr+  showing  the  C-X 
system.  The  transitions  involving  v-1-4  at  the  center  of  the  figure  are  saturated 
and  these  features  should  not  be  taken  as  representative  of  the  true  transition 
probabilities.  The  rubble  strewn  throughout  the  baseline  most  likely  originates 
from  the  (two-photon?)  photodissociation  of  Ca2+,  which  is  a  contaminant  in  the 
ion  beam  and  is  not  separable  by  our  present  mass  resolution. 
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the  ground  state  binding  of  890±100  cm'1.  A  summary  of  all  constants  derived 
for  this  ion  can  be  found  in  Table  3-2.  In  this  table  the  expected  accuracies  of 
electronic  term  energies  are  ±5  cm'1,  vibrational  frequencies  ±2  cm"1,  and 
anharmonicities  ±0.1  cm1. 

Molecular  ions  consisting  of  alkali-earth  metal  ions  and  rare-gas  atoms 
have  been  studied  before.  The  rare-gas  (Rg  =  Ar,  Kr,  Xe)  complexes  of  the  Mg+ 
ion  have  been  extensively  studied  [15,16,20,21]  via  resonant  photodissociation 
spectroscopy.  Panov  et  al.  [22]  have  studied  the  BaAr+  molecule  by  laser 
fluorescence  excitation  at  high  resolution,  as  well  as  dispersed  fluorescence. 
These  studies  found  electronic  transitions  in  the  ions  isoelectronic  with  CaRg+ , 
but  corresponding  to  the  np-ns  transition  in  the  metal  ion  not  the  (n-1)d-ns 
found  here.  Note  that  only  the  n  states  correlating  to  the  np  limit  were 
vibrational^  and  rotationally  resolved  in  either  study. 

The  ground  state  of  CaKr+  is  much  more  weakly  bound  than  its 
magnesium  analog,  MgKr+  (840  vs.  1831  cm1)  and  has  a  correspondingly  lower 
vibrational  frequency  (74  vs.  112  cm"1).  The  binding  energy  of  CaAr+  determined 
in  this  study  (890  cm'1)  lies  intermediate  between  the  binding  energy  of  the 
lighter  MgAr+  ion  (1189  cm'1)  and  the  heavier  BaAr+ molecule  (680  cm"1).  The 
vibrational  frequency  in  the  ground  state  of  MgAr+  (96  cm'1  )  is  greater  than  that 
of  BaAr+  (61.7  cm'1)  and  the  CaAr+  ground  state  vibrational  frequency  (66  cm"1)  is 
intermediate  as  expected.  Data  shows  that  dissociation  energies  decrease  and 
bond  lengths  increase  as  the  alkaline  earth  metals  get  heavier  (larger),  shown  in 
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Table  3-3.  That  is,  the  bond  energies  decrease  for  the  series:  BeAr+[17]  >  MgAr+ 
[20]  >  CaAr+  [this  work  and  15]  >  SrAr+  [  23]  >  BaAr+  [24]. 

Table  3-3.  Ground  State  Binding  Energy  (D0")  of  Group  II  MAr+  Complexes 
[cm1]. 


System  [ref  #] 

Config.  (M+) 

D0  Expt. 

BeAr+  [17] 

2s1 

4112 

MgAr+  [20] 

3s1 

1281 

CaAr+  [this  work] 

4s1 

890+100 

[15] 

[732] 

SrAr+  [23] 

5s1 

827 

BaAr+ 1241 

6s1 

680 

The  indication  that  the  binding  energy  of  CaKr+  is  almost  the  same  as  that 
of  CaAr+  (Table  3-2)  runs  counter  to  previous  experience  with  alkali,  alkali-earth, 
and  transition  metal  rare  gas  ion  complexes.  Moreover,  a  comparison  of  the  C 
2T  excited  states  in  CaAr+  and  CaKr+  shows  a  greater  vibrational  frequency  in 
the  krypton  species  and  a  greater  diabatic  binding  energy  in  the  argon  species; 
Both  of  these  observations  seem  odd.  However,  the  recent  photodissociation 
study  by  Duncan  et  al  [21]  of  the  parity  allowed  p-s  transition  on  Ca+ 
(chromophore)  in  the  Ca(Rg)+  diatomics  where  the  Rg  =  Ar,  Kr  or  Xe  indicates 
the  expected  trend  in  the  ground  state  binding  energies:  700  +  100  cm-1,  1400  + 
150  cm"1  and  2300  +  150  cm-1  for  CaAr+,  CaKr+  and  CaXe+  respectively.  Note 
that  both  Duncan's  group  research  and  this  study  yield  an  identical  vibrational 
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frequency  of  74  cm"1  for  the  ground  state  of  CaKr+  molecular  ion.  The 
discrepancies  in  the  reported  binding  energies  is  due  to  the  fact  that  only  few 
lines  were  observed  in  the  parity  forbidden  transition  of  (n-1)d  -  ns  versus  about 
ten  lines  for  each  of  the  excited  states,  2n1/2  and  2n3/2  for  a  very  allowed  transition 
p-s  on  calcium  cation.  Thus  a  ground  state  binding  energy  of  1400  +  150  cm  1 
for  CaKr+  is  accepted. 

At  present,  on-going  research  in  Brucat  group  is  concentrating  on 
searching  for  the  A  and  B  (2A  and  2n)  states  arising  from  the  Ca+  3d  limit,  as  well 
as  the  E  2I+  state  derived  from  the  Ca+  4p  limit.  Hopefully,  these  results  will 
provide  an  incentive  to  theoreticians  to  calculate  the  spectroscopic  properties  of 
Ca(Rg)+  molecular  ions. 


CHAPTER  4 

VIBRONIC  ANALYSIS  OF  COBALT  CATION-RARE  GAS  COMPLEXES 


The  study  of  isolated  ion-neutral  complexes  in  the  gas  phase  has  been  of 
great  interest  for  various  scientists  [25-40].  These  simple  systems  serve  as 
models  for  understanding  the  complex  ion-solvent  interactions  that  are  found  in 
many  biological  systems.  The  nature  of  the  electrostatic  binding  between  a 
neutral  ligand  and  an  ion  is  not  fully  characterized,  however,  the  governing 
attractive  force  is  the  charge-(induced  dipole). 

Progress  has  been  made  both  experimentally  [25-31]  and  theoretically 
[32-40]  in  the  last  decade  on  the  study  of  binary  metal-(rare-gas)  ions. 
Comparing  the  binding  energy  trends  of  M+(Rg)  complexes  with  M*(Ar)  while 
keeping  one  partner  'in  bold'  constant:  a  direct  correlation  in  the  binding  energy 
of  metal-(rare  gas)  ion  with  increasing  size  of  the  rare  gas  has  been  established. 
However,  a  decrease  in  binding  energy  has  been  verified  [20-22]  as  a  function  of 
the  metal  cation's  size  for  group  two  metals  (s1  configuration  and  closed  d-shell) 
also  verified  in  chapter  3.  These  trends  have  yet  still  to  be  established  for 
transition  metal  containing  molecular  ions. 

In  this  chapter  a  high-resolution  photodissociation  study  of  Co(Rg)+ 
diatomic  ions  is  presented  where  the  rare  gas  is  either  Ar,  Kr  or  Xe.  The  probed 
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transitions  are  centered  on  Co"  as  a  chromophore  and  the  obtained  spectra  of 
the  Co(Rg)+  binary  ions  are  a  result  of  either  a  d8-d8  or  d7s-d8  atomic 
resonance.  The  vibronic  analysis  of  the  data  provides  spectroscopic  information 
such  as  the  stretching  frequencies,  anharmonicities  and  binding  energies. 
Global  comparisons  among  various  metal  cation-rare  gas  systems  studied  are 
discussed. 

Results 

Figure  4-1  shows  the  resonant  photodissociation  excitation  spectrum  of 
59Co40Ar+  in  the  range  of  12300  to  17400  cm'1  and  Figure  4-2  shows  a  portion  of 
the  photodissociation  excitation  spectrum  of  59Co129Xe+  in  the  range  of  12200  to 
17200  cm"1.  Simultaneously  acquired  spectra  of  the  isotopically  varied  molecular 
ion,  for  CoXe\  aid  in  the  assignment  of  the  vibrational  quantum  number.  Six 
excited  states  have  been  assigned  and  are  labeled  a,  b,  A,  B,  C  and  D,  in 
Figure  4-2,  for  the  CoXe+  complex. 

The  resonant  photofragmentation  spectrum  of  CoAr+  shows  five 
analogous  band  systems(Figure  4-1).  For  easier  comparison,  the  previously 
assigned  electronic  transitions  of  CoAr+  and  CoKr+  have  been  re-labeled  A-X,  B- 
X  and  C-X  [25]  as  b-X,  C-X  and  D-X,  respectively  and  for  CoAr+  states  A",  A' 
and  B'  [28]  as  a,  A  and  B  respectively.  Note  that  the  B  state  for  CoAr*  ion  is 
currently  not  analyzed  due  to  the  presence  of  obvious  perturbations  in  the 
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spectrum  that  cause  line  splittings.  The  complete  analysis  of  the  B  state  awaits 
either  data  from  the  isotopic  variant  59Co36Ar+  ion  or  the  related  molecule  CoKr+ 
(since  Kr  has  many  naturally  occuring  isotopes)  for  confirmation  of  the  vibrational 
index.  Only  four  analogous  band  systems  have  been  observed  to  date  for  the 
CoKr+  system,  that  is  b,  C,  D  and  a  [29]. 
Vibrational  Analysis 

Table  4-1  lists  the  assigned  line  positions  of  the  59Co(RG)+  homologs. 
The  calculated  lines  are  determined  from  the  standard  formula, 

E(v)-Teo  ♦  »>'+!)  -  CoX(v'4>2  +  U.^'^)3  (4-1) 

where  T^  is  the  electronic  term  energy  relative  to  the  zero  point  level  of  the 

ground  state,  coe'  is  the  stretching  frequency,  coexe'  and  coeye'  are  the  first  and 

second  anharmonicities,  respectively.  The  spectroscopically  determined 
molecular  constants  are  given  in  Tables  4-2,  4-3  and  4-4  for  CoAr+,  CoKr+  and 
CoXe+  complexes,  respectively. 

Note  that  for  our  spectra  the  electronic  transitions  originate  from  v"  =  0 
due  to  the  adiabatic  expansion  the  molecular  ions  suffer  prior  to  photo- 
interrogation.  Hot  bands  are  seldom  observed  as  indicated  in  Table  4-1.  The 
assignment  of  the  excited  state  vibrational  index  is  achieved  by  fitting  values  of  v' 
to  the  observed  isotope  shift  using  the  following  equation  [41], 
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^I^V>,0=(1-PMCO>/^)HB>,4)) 

(4-2) 

where  hAv  ,sotopic  is  the  shift  for  a  particular  vibrational  band  as  a  function  of 
vibrational  energy  level,  p  is  the  ratio  of  the  reduced  masses,  m  =  (u/uisotope)1/2. 
The  ground  state  molecular  constants  are  either  estimated  coeXe"  =  2.0  cm"1  for 

CoXe+)  or  determined  from  observed  hot  bands  (coe"  =  200  cm1).  Theoretical 

values  can  also  be  used,  however,  none  are  available  for  the  CoXe+  system. 

Figure  4-3  shows  the  assignment  of  the  vibrational  quantum  number  for 
two  excited  states,  A  and  D  to  within  ±1  vibrational  index.  Experimental  isotope 
shifts  between  corresponding  bands  in  the  59Co129Xe+  and  59Co136Xe+  are  plotted 
as  a  function  of  the  absolute  vibrational  index.  For  the  A  state  the  measured 
shifts  (in  triangles)  are  in  good  agreement  with  the  assignment  of  the  first  band 
observed  as  (4-0)  and  (1-0)  for  the  D  state  (in  squares).  The  dotted  curves  in 
Figure  4-3  indicate  the  predicted  isotope  shift  for  the  assignment  of  the 
vibrational  quantum  numbers.  The  solid  curves  are  the  predicitions  for  the 
numbering  shifted  by  one  vibrational  index  lower  or  higher  in  reference  to  the 
absolute  assignment. 

Figures  4-4,  4-5  and  4-6  show  term  value  plots  of  the  transition  frequency 
as  a  function  of  the  vibrational  quantum  number  for  each  of  the  Co(Rg)+ 
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Table  4-1 .  Line  Position  of  Assigned  Vibronic  Transitions  [cm'1] 


Hot  Band 
a-X 

59Co40Ar' 

Residual 

59Co84Kr' 

Residual 

59Co129Xe* 

Residual 

0-1 

12318.5? 

12317.6 

1-1 

12517.6 

12553.9 

a-X 

59Co40Ar- 

Residual 

59Co84Kr* 

Residual 

59Co129Xe* 

Residual 

0-0 

12551.8 

12553.6 

12575.0 

1-0 

12733.1 

A-X 

59Co40Ar* 

Residual 

59Co84Kr+ 

Residual 

59Co129Xe* 

Residual 

0-0 

12505.0 

0.91 

1-0 

12600.3 

0.23 

2-0 

12691.2 

-0.59 

3-0 

12778.4 

-1.02 

4-0 

12862.9 

-0.06 

13504.1 

-1.07 

5-0 

12942.5 

-0.08 

13621.5 

1.25 

6-0 

13018.2 

-0.11 

13733.9 

0.42 

7-0 

13090.0 

-0.30 

13845.0 

-0.02 

8-0 

13158.3 

-0.25 

13954.4 

-0.39 

9-0 

13223.3 

0.21 

14062.7 

-0.03 

10-0 

13284.5 

0.37 

14169.0 

0.04 

11-0 

13342.2 

0.56 

14273.2 

-0.19 

12-0 

13396.1 

0.42 

14376.1 

-0.02 

13-0 

13446.9 

0.42 

14477.0 

-0.16 

14-0 

13494.5 

0.50 

14576.4 

0.04 

15-0 

13538.8 

0.47 

14673.2 

-0.62 

16-0 

13579.7 

0.21 

14769.8 

0.27 

17-0 

13616.4 

-1.28 

14863.9 

0.44 

18-0 

13652.8 

-0.13 

14956.3 

0.58 

19-0 

13685.0 

-0.33 

15046.1 

-0.17 

20-0 

13713.9 

-1.07 

15134.6 

-0.36 

Table  4-1 

■-continued. 

A-X 

S9Co40Ar* 

Residual       59On84Kr*      Rp<;iHnal      59ro129Xf»*  Residual 

21-0 

13740.7 

-1.13 

22-0 

13768.1 

2.05 

23-0 

13787.4 

-0  37 

24-0 

1 3806  9 

-0  08 

25-0 

13824.3 

0  53 

26-0 

13839  6 

1  34 

27-0 

13853  1 

2  54 

98-0 

1  JU  JJ.  <J 

4  88 

13875  8 

7  IS 

3n.o 

1 3884  5 

9  92 

31-0 

13892  2 

13  48 

32-0 

13897  4 

16  54 

33-0 

13902  3 

20  96 

34-0 

13907.0 

26.97 

35-0 

13911.4 

34.30 

36-0 

13913.5 

40.81 

37-0 

13914.5 

47.73 

38-0 

13915.7 

56.18 

b-X 

59Co40Ar*     Residual  59Co84Kr* 

Residual 

59Co129Xe* 

Residual 

0-0 

13705.5 

-0.76 

1-0 

13868.6 

0.94 

2-0 

13699.0 

0.12 

14023.9 

0.97 

3-0 

13837.5 

-0.08 

14172.4 

-0.58 

4-0 

13972.5 

-0.94 

14318.4 

-0.53 

5-0 

14099.7 

-6.54 

14459.8 

-2.05 

6-0 

14220.7 

-15.31 

14605.4 

2.77 

7-0 

14357.5 

-1.20 

14741.3 

-1.14 

8-0 

14489.2 

-5.34 

14883.0 

0.89 

Table  4-1 --continued. 


47 


B-X  59Co40Ar*  Residual     59Co84Kr     Residual     59Co129Xe*  Residual 

9-  0  14604.9  -2.48         15022.3  -0.50 

10-  0  14625.0  2.97 

11-  0  14578.7  0.30         14728.1  -0.66 

12-  0  14678.0  0.60 

13-  0  14768.7  -2.20         15165.1  -0.46 

14-  0  14859.7  0.85          15265.8  -2.22 

15-  0  14941.7  0.29          15365.4  -2.03 

16-  0  15452.5  -11.14 

17-  0  15092.0  0.83         15452.5  11.14 

18-  0  15158.5  -0.08         15549.8  -7.04 

19-  0  15220.4  -0.64         15637.4  -9.39 

20-  0 

21-  0  15814.1  -3.41 

22-  0 

23-  0 

24-  0  16043.3  2.87 

25-  0  15502.5  0.05 

26-  0  15535.7  0.86 

27-  0  15565.5  1.93 

28-  0  15592.3  3.68 

29-  0  15616.2  6.05 

30-  0  15637.3  8.98 

31-  0  15655.9  12.68 

32-  0  15672.2  17.19 

33-  0  15686.7  22.84 

34-  0  15699.1  29.26 

35-  0  15709.9  36.85 


Table  4-1 --continued. 


D-A 

Ml 

PociHi  i  a  1 
rxcalUUdl 

Kesiauai 

V/O  AC 

Pae  i  H  1 1  n  1 
r\6SIUUal 

A-Cl 

1/199R  7 

n  ih 

U.  I  o 

O  VJ 

■\A1AA  fi 
InOHn.u 

n  79 
-u.oz 

1  MHOS7.U 

o  ri/i 

U.UH 

7-0 

14579  7 

-U.U4* 

ft-0 

14RR4  9 

n  05 

Q-0 

147Q4  1 

o  19 

U.  I  /- 

10-0 

14Q09  7 

o  19 

U.  I  /- 

1  i.o 

i«;ooft 

-fl  1ft 

U .  I  o 

1  J  1  1  o.o 

o  97 

n  o 

I  o-u 

1  591R  Q 

n  19 

1  *t-U 

1 571  ft  A 

n  19 

15417  7 

-o  ft4 

1K  n 

I  O-U 

U.UD 

17-0 

15613.0 

0.20 

1ft  n 
I  o-u 

1^707  7 

-0  9Q 

iq  n 

i  y-u 

15R01  7 

1 JOU  1  .  o 

n  74 

U.  <  "f 

90  n 
zu-u 

15RQ1  ft 

-0  07 

Z  I  -u 

IKQftl  "3 

-0  97 

O-A 

L>o  Mr 

D  acirln^l 

Residual 

v<o  i\r 

K6S IU  Udl 

UO  A6 

D  AC  I r4  1 1  n  I 

r\esiuuai 

9  o 

1/11R9  R 

1  D9 

O-U 

1/1071  R 
14Z  /  1 .0 

fl  R1 

4-U 

-1  /I  T7Q  n 

140/0. U 

U.zo 

5-0 

14481.6 

-0.25 

6-0 

14077.5 

0.06 

14583.4 

0.05 

7-0 

14168.7 

0.13 

14679.2 

-3.01 

14997  0 

-0.09 

8-0 

14255.7 

-0.14 

14778.9 

0.42 

15111.6 

-0.85 

9-0 

14339.4 

-0.06 

14872.2 

0.08 

15226.2 

-0.08 

10-0 

14419.2 

-0.17 

14963.7 

0.46 

15339.1 

0.79 

Table  4-1 -continued. 


C-X 

LO  AT 

Residual 

Co  Kr 

Residual 

oo  xe 

Residual 

-inn 

11-0 

A  A  A  nc  7 
144y0.  / 

n  o>i 
-U.U4 

1  CO/I  O  C 

15U49.5 

O  O  A 

-2.34 

i  c/i cn  o 
1040U.y 

O  07 

2.2/ 

•i  o  o 
lz-0 

-t  /l  CCQ  yl 
14008.4 

o  no 
U.Uz 

-1  C  "1  07  A 
101  J/. 1 

O  70 

-U.  /  O 
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loooy.o 
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1  3-0 
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o  1  c 
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•1  COO  1  -1 

10221  .1 
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-O.zl 

1 CCCO  Q 

1  Obbz.o 

1  /I  c 
-1 .40 

14-U 

14/Uo.o 

n  1  o 
U.  1 0 

1COOO  Q 

lOJUz.o 

n  a  o 

1 C7CC  1 

10/bO.i 

_y(  77 
-4.0/ 

•i  c  o 
1  0-U 

14/bO.z 

n  a  a 
-U.  14 

IOooz.1 

IOC 

1  .20 

A CQ70  7 

1 0o/ U.  / 

0  "5.1 
-Z.o  I 

i  c  o 
1b-0 

14824. 0 

n  a  o 
-U.lz 

10409.0 

o  oo 
Z.9J 

A  CQ7/1  7 

ioy/4.  / 

n  0/i 

a  7  o 
1  /-U 

A  a oon  o 
14ooU.Z 

n  70 

u.  /z 

A  CCOQ  /! 

i  oozy. 4 

■1  O/l 
-1  ,U4 

lOU/O.O 

1  04 

4  o  o 
lo-U 

AAQ1A  0. 

n  O/i 

-U.Z4 

1 00U1 .0 

O  01 
-U.ol 

IO  I  IO.H 

T  4T 

ion 

i  y-u 

i4you.u 

n  oh 
-u.zo 

1 CC70  c 
I0O/U.0 

n  on 
u.zu 

1R07R  n 

IOZ/O.U 

on  n 
ZU-U 

1  c.noc.  p 
i  ouzo  o 

n  1 1 

1 C.70Q  C. 

I  o  /  oy.o 

0  Q1 

z.a  i 

IOOOO.O 

U   1  o 

01  n 
zl  -U 

1 cnc-7  7 
I ouo/ .  / 

n  or 
-u.zo 

A C7QQ p 

i  o/  yy.o 

n  ro 
-u.oz 

I  o*tou.  0 

-ft  1T 

oo  n 
zz-U 

a  ci  n7  /i 

1 01 U/  .4 

n  to 
u.oz 

A  COCO  C 

I  30DU.D 

1  TO 
-  I  .oz 

I  OOn^f .  / 

-^i  Oft 
-u.zo 

o  o  n 
23-0 

10140.4 

n  oo 
u.zy 

A  COO  A  n 

i oyzi  .u 

n  n/i 
-U.U4 

ioo*ty.y 

m  n^ 
I  u.uo 

24-0 

15177.0 

a  no 
1 .09 

A COOO  O 

15980.  z 

o  oc 
Z.  ob 

1R70C  n 

lb/20. u 

0  QT 

-z.yo 

AC  A 

25-0 

A C  A  AT  A 

15207.9 

O   A  C 

2.16 

A COOO O 

IbOoz.O 

n  07 
-U.Z/ 

26-0 

15236.1 

3.45 

4  COQO  O 

IbUoo.z 

A   A  O 

-1 .12 

27-0 

a  CAC  -4  C 

15261.5 

C  A  -4 

5.01 

1  C  A  O  /!  O 

Ibl 34.U 

n  1 7 
-U.I  / 

AO  A 

28-0 

15285.0 

"7  CA 

7.50 

AC  A  DO  O 

1b1  oz.3 

O  CO 

U.bz 

A  A  A 

29-0 

15305.3 

A  TT 

9.77 

a  cm  C  7 

1b225.7 

A  OO 

-1  .22 

A  A  A 

30-0 

A  C  A  A  A  A 

15323.2 

12.41 

16267.5 

-2.44 

31-0 

15340.5 

4  T  A  A 

17.23 

-1      AAA  A 

16309.9 

r\  ~7  a 

-0.71 

32-0 

15354.8 

21.87 

4  A  A  /4  O  A 

16348.9 

A  AC 

-0.25 

33-0 

15367.7 

27.75 

16384.3 

-1.14 

34-0 

15378.7 

34.45 

16419.8 

0.34 

35-0 

15388.2 

42.19 

16452.7 

1.31 

36-0 

15396.3 

51.16 

37-0 

15403.2 

61.43 

38-0 

15409.0 

73.20 

Table  4-1 --continued. 


C-X 

59Co40Ar* 

Residual 

59Co84Kr* 

Residual 

59Co1J9Xe* 

Residual 

39-0 

15413.9 

86.43 

40-0 

15417.8 

101.04 

41-0 

15421.0 

1 17.46 

42-0 

15425.1 

137.01 

D-X 

£Q   _          JO    *  * 

"Co^Ar 

Residual 

59Co84Kr 

Residual 

a**       1?Qu  . 

59Co129Xe 

Residual 

0-0 

14545.8 

-1.16 

1-0 

14715.7 

-0.14 

15191.3 

0.74 

2-0 

14880.2 

1.84 

15345.5 

-1.15 

3-0 

15034.8 

0.25 

15500.9 

0.31 

4-0 

15185.0 

0.32 

15351.9 

0.31 

15651.7 

-0.48 

5-0 

15328.7 

0.1 1 

15492.9 

0.24 

15802.1 

0.58 

6-0 

15465.9 

-0.53 

»     f—           f*\  a-.  A 

15630.0 

-0.39 

15948.6 

-0.02 

7-0 

15598.1 

-0.38 

15764.5 

-0.20 

16093.1 

-0.32 

8-0 

15724.3 

-0.32 

15895.4 

-0.18 

16236.1 

0.28 

9-0 

15844.7 

-0.28 

A                A**\                                           A-A             AAA  AAA 

16022.5 

-0.70 

16376.5 

0.50 

10-0 

15959.7 

-0.06 

16147.1 

-0.22 

16513.9 

-0.02 

11-0 

16069.0 

-0.01 

16267.5 

-0.70 

16649.1 

-0.35 

12-0 

16172.5 

-0.21 

16384.3 

-1.40 

16782.8 

0.14 

13-0 

16271.0 

-0.13 

16499.7 

-0.15 

16913.3 

-0.32 

14-0 

16364.4 

0.23 

16611.3 

0.51 

17042.1 

-0.12 

15-0 

16452.3 

0.23 

16718.0 

-0.44 

17168.6 

0.12 

16-0 

16535.0 

0.13 

16822.5 

-0.33 

17292.5 

0.11 

17-0 

16612.8 

0.18 

16924.0 

0.04 

18-0 

16685.6 

0.12 

17021.7 

-0.18 

19-0 

16753.6 

0.11 

17117.0 

0.36 

20-0 

16816.9 

0.05 

17208.7 

0.53 

21-0 

16875.3 

-0.17 

17296.5 

-0.05 

22-0 

16929.4 

-0.17 

17381.8 

-0.03 

Table  4-1 

--continued. 

D-X 

Co  Ar 

Residual 

"Co  Kr 

Residual       Co    Xe  Residual 

23-0 

16978.7 

-0.56 

17463.6 

-0.30 

24-0 

17024.6 

0.07 

17542.5 

-0.41 

25-0 

17065.7 

0.17 

17618.8 

0.04 

26-0 

17103.8 

1.53 

17691.4 

-0.11 

27-0 

17138.0 

3.00 

17761.4 

0.12 

28-0 

17168.7 

5.00 

17828.0 

0.06 

29-0 

17196.2 

7.72 

17891.8 

0.20 

30-0 

17220.7 

11.19 

17952.2 

-0.09 

31-0 

17242.3 

15.59 

32-0 

17261.6 

21.30 

33-0 

17278.4 

28.03 

34-0 

17293.3 

36.27 

35-0 

17306.3 

46.07 

36-0 

17317.4 

57.22 

37-0 

17327.1 

70.14 

38-0 

17335.3 

84.62 

39-0 

17342.2 

100.83 

40-0 

17348.0 

118.78 

41-0 

17351.9 

137.77 

42-0 

17356.9 

160.47 

43-0 

17359.1 

183.12 

44-0 

17362.6 

209.52 

45-0 

17363.6 

235.88 

46-0 

17366.2 

266.21 
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molecular  ions  (Rg  =  Ar,  Kr  and  Xe).  Analogous  excited  states  have  been 
labeled  with  the  same  letter  for  cobalt  cation-rare  gas  complexes.  Moreover, 
within  each  molecular  ion  (for  example  CoXe+)  the  states  assigned  to  a  d7s 
configuration  (A,  B  and  C)  of  the  cobalt  cation  have  parallel  vibrational  structures 
and  so  does  the  d8  configurations  (b  and  D).  Note  the  obvious  perturbations 
between  the  b  state  and  C  state  in  CoAr+  and  CoKr+  where  an  accidental 
degeneracy  occurs  (the  two  states  cross)  and  an  indication  of  the  same 
perturbation  in  the  CoXe+  term  value  plot.  There  is  also  a  perturbation  between 
the  b  and  B  states  of  CoXe+. 
Dissociation  Limits 

While  the  fit  to  band  origins  fails  at  the  top  of  the  Morse  potential,  that  is: 
higher  v',  see  Figures  4-4,  4-5  and  4-6.  LeRoy-Bernstein  (LB)analysis  [14,  42] 
provides  an  accurate  prediction  which  leads  to  the  determination  of  the 
dissociation  limits  for  the  excited  states.  The  LB  treatment  takes  into  account  the 
long-range  forces  of  the  atoms;  and  the  derivative  of  the  vibrational  energy  with 
respect  to  vibrational  index  can  be  approximated  as, 

(A0XO  .  SfeMtS±!l  (40) 
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Vibrational  quantum  index  assignment 

Isotope  shift  (Co129Xe+  -  Co136Xe+  ) 

20  i  

_18  - 


0     2     4     6     8     10    12    14    16    18    20  22 
Vibrational  quantum  number  (v'+1/2) 


Figure  4-3.  Observed  and  Calculated  Isotope  Shifts  of  CoXe+. 


The  figure  shows  the  vibrational  index  assignment  of  the  A  and  D  states  where  the  lines 
are  calculated  using  equation  4-2  and  the  symbols  are  observed  isotope  shifts.  The 
first  observed  transition  for  the  A-X  band  system  in  triangles  is  (4,0)  and  for  the  D-X 
system  it  is  (1,0)  represented  in  squares.  The  dashed  curve  in  the  middle  is  in  accord 
with  this  vibrational  quantum  number  assignment  whereas  the  solid  curves  were 
calculated  assuming  the  index  was  different  by  +1  quantum. 
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Equation  4-4  is  in  a  suggested  form  for  electrostatically  bound 
complexes,  for  which  the  primary  forces  are  charge-(induced  dipole).  Note  that 
the  L-B  analysis  is,  however,  independent  of  the  precise  vibrational  numbering. 
A  plot  of  AG(v')4'3  versus  transition  frequency,  E(v'),  should  be  linear  at  high 
vibrational  numbers  of  the  excited  state  (as  shown  in  Figure  4-7,  for  CoAr+ 
complex)  and  can  be  extrapolated  to  zero  on  the  vertical  axis  in  order  to  give  the 
dissociation  limit.  The  CoAr+  dissociation  limits  shown  in  Figure  4-7  are 
referenced  to  the  zero  point  energy  of  the  ground  electronic  state  of  the  ion  and 
must  be  separated  by  the  energy  difference  between  corresponding  states  in  the 
isolated  Co+  atomic  ion  Figure  4-8  [43].  (Argon  is  not  energetically  accessible  in 
this  energy  range).  The  assignments  of  the  excited  states  are  then  made  based 
on  the  agreement  and  are  listed  in  Tables  4-2,  4-3  and  4-4.  Therefore  LeRoy- 
Bernstein  analysis  of  the  vibrational  structure  of  the  upper  state  in  an  electronic 
transition  yields  the  diabatic  dissociation  limit  of  that  state  which  in  turn  can  be 
assigned  to  an  atomic  resonance  from  which  the  transition  on  the  chromophore 
(Co+)  arises. 

The  analogous  states  in  the  Co(Rg)+  homologs  have  been  assigned  to  the 
same  limits  as  CoAr+  molecular  ion.  The  LB  protocol  has  been  applied  to  all 
available  vibrational  information  in  the  CoAr+  (as  discussed  above)  however,  for 
both  CoKr*  and  CoXe+  only  lower  energy  levels  of  the  potential  were  probed  thus 
a  long-extrapolation  to  the  dissociation  limit  of  the  probed  state  became 
necessary.  Figure  4-9  shows  such  a  modification  of  a  LB  plot  for  the  observed 
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CoAr+  Excited  States 
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Figure  4-4.  CoAr+  Fit  to  Band  Origin. 


The  assigned  excited  states  are  represented  with  symbols  and  labeled  (on  the  right). 
The  solid  curves  are  the  least-squares  fit  to  Eq.1  of  the  observed  vibrational  band 
origins.  Note  that  the  a-state  has  no  curve  through  the  data  since  only  two  transitions 
were  observed  for  this  band  system,  thus,  not  enough  experimental  points  to  do  the 
same  data  analysis  as  the  other  excited  states.  The  b  and  D  states  have  similar 
vibrational  structure  since  they  both  arise  from  a  d8  cobalt  cation  configuration, 
whereas,  the  A  and  C  states  are  also  similar  arising  from  a  d7s  atomic  ion  configuration. 
The  vibrational  structure  of  a-state  is  uncertain. 
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Figure  4-5.  CoKr+  Fit  to  Band  Origin 


In  the  figure  assigned  excited  states  are  represented  with  symbols  and  labeled  (on  the 
right).  The  solid  curves  are  the  least-squares  fit  to  Eq.4-1  of  the  observed  band  origins 
and  the  residuals  (observed  minus  calculated)  are  tabulated  in  Table  4-1 .  Note  that  the 
a-state  has  no  curve  through  the  data  since  only  one  transition  was  observed  for  this 
band  system,  thus,  not  enough  experimental  points  to  do  the  same  data  analysis  as  the 
other  excited  states.  The  vibrational  structure  of  CoKr+  resembles  that  of  the  probed 
analogous  states  in  CoAr+  complex.  In  both  molecular  ions  obvious  perturbation  in  the  b 
and  C  states  is  indicated  by  an  accidental  degeneracy  in  the  vibrational  energy  level 
(potentials  cross). 


CoXe+  Excited  States 
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Figure  4-6.  CoXe+  Fit  to  Band  Origin. 


The  assigned  excited  states  are  represented  with  symbols  and  labeled  (on  the  right). 
The  solid  curves  are  the  least-squares  fit  to  Eq.1  of  the  observed  vibrational  band 
origins.  Note  that  the  a-state  has  no  curve  through  the  data  since  only  two  transitions 
were  observed  for  this  band  system.    Note  once  again  b  and  D  states  have  similar 
vibrational  structure  (  d8  cobalt  cation  configuration),  while,  the  A,  B  and  C  states  are 
also  similar  arising  from  a  d7s  atomic  ion  configuration.  The  vibrational  structure  of  a- 
state  is  uncertain,  but  it  is  believed  to  arise  from  a  d8  configuration  of  cobalt  ion  based 
on  rotational  information  (see  text). 
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Figure  4-7.  CoAr+  Dissociation  Limits. 


LeRoy-Bernstein  analysis  with  the  progressions  labeled.  A  linear  plot  of  AG(v')4/3  as  a 
function  of  transition  frequency  is  obtained  when  a  1/r4,  charge-(induced-dipole)limiting 
form  of  the  potential  is  assumed.  Dissociation  limits  at  which  each  of  the  excited  states 
vibrational  energy  levels  converge  are  indicated. 
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Figure  4-8.  The  Low-Lying  Atomic  States  of  Co+  [43]. 
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transitions  in  the  CoXe+  A-X  system.  This  method  overestimates  the  diabatic  limit 
of  the  A-state  thus  the  limit  at  17  629  cm'1  is  an  upper  limit  while  the  fit  to  a 
hypothetical  Morse  potential  yields  a  lower  limit  at  17  412  cm"1  (Birge-Sponer 
limit).  The  actual  limit  is  determined  as,  17  520  cm"1,  an  average  of  these  two 
values. 

Figure  4-10  shows  a  correlation  diagram  between  the  force  constant  (k) 
and  the  binding  energy  (D0')  and  it  is  related  to  Badger's  rule  [44].  The  a-  and  X- 
states  have  been  eliminated  in  this  analysis  because  of  the  relative  larger 
uncertainty  in  the  measured  vibrational  frequency.  It  is  compelling  to  note  that 
all  the  Co(Rg)+  homologs  have  parallel  behavior. 

Discussion 

Tables  4-2,  4-3  and  4-4  show  the  experimental  binding  energies  of  various 
states  of  the  Co+  ion  with  the  rare  gases  Ar,  Kr  and  Xe  from  the  analysis  of  the 
spectra  of  the  Co+-Rg  electrostatic  complexes.  Note  that  the  states  which  arise 
from  the  3d8  atomic  ion  configuration  are  more  strongly  bound  than  those  arising 
from  the  3d74s  configuration  consistent  with  simple  electrostatic  arguments. 
Tables  4-2,  4-3  and  4-5  also  show  the  symmetry  assignments  of  some  of  the 
states  observed  in  these  molecules  where  this  can  be  made  unambiguously. 
The  ground  state  of  all  of  these  species  is  expected  to  be  3A3  from  molecular 
orbital  arguments  as  well  as  ab  initio  theory  [36]  and  this  is 
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CoXe+  A-State 

Long  Extrapolation  L-B  Plot 
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Figure  4-9.  The  Long  Extrapolation  of  a  LeRoy-Bernstein  Plot. 


Two  dissociation  limits  of  the  A-state  [lower  (Birge-Sponer  fit)  and  upper  (LeRoy- 
Bernstein  fit)  limit]  are  shown.  Symbols  indicate  experimental  data,  the  solid  line 
represent  the  LB  predicted  line  (with  a  theoretical  slope  of  -0.193)  and  the  dotted 
curve  represents  results  of  a  hypothetical  Morse  potential  function  with  constants 
of  Table  4-4c. 
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Cobalt  cation  -  rare  gas  complexes 

Correlation  Diagram:  k  as  a  function  of  Dn 
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Figure  4-10.  Correlation  Diagram:  k  as  a  Function  of  D0\ 


A  plot  of  excited  states  force  constants  as  a  function  of  their  binding  energy 
(D0').  Analogous  states  have  been  labeled  with  the  same  alphabet  and  the  linear 
dependence  of  the  molecular  ion's  stretching  frequency  on  its  binding  energy  is 
indicated.  All  three  Co(Rg)+  homologs  have  the  same  slope. 
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consistent  with  the  observed  rotational  structure  of  the  a-X  transition  [29].  The  a 
state  is  assigned  as  1Aj  arising  from  the  1D  Co*  limit  although  3I~12  symmetry 
arising  from  the  3P  Co+  limit  is,  at  first  glance,  also  a  possibility.  This  latter 
assignment  is  rejected  because  it  would  place  the  upper  state  binding  energy 
significantly  greater  than  that  of  the  ground  state,  inconsistent  with  the  smaller 
vibrational  frequency  and  greater  bond  length  of  the  a  state  with  respect  to  the  X 
state.  The  3I~I2  assignment  is  also  rejected  on  the  basis  of  the  overall  intensity  of 
the  a-X  electronic  transition  which  is  consistent  with  a  Hunds  case  (a)  spin- 
forbidden  transition.  The  A  state  is  assigned  as  304  as  this  is  the  only  0"=4  state 
arising  from  the  3F4  Co+  limit  to  which  the  state  is  known  to  converge. 

Note  that  although  the  ground  (X  3A3)  state  and  the  low-lying  excited  (a 
1A2 )  state  both  arise  from  a  3d8  Co+  atomic  ion  configuration,  the  bond  strengths 
of  the  two  states  differ  by  -17%  in  CoKr+,  with  the  ground  state  being  the  more 
strongly  bound.  This,  too,  is  consistent  with  simple  molecular  orbital  arguments 
which  predict  slightly  greater  repulsion  in  the  1A2  than  the  3A3  states  due  to  the 
contribution  of  nn  hole  states  in  the  former  configuration.  In  CoKr+,  however,  the 
bond  lengths  of  the  two  states  differ  by  only  0.2%. 

The  ground  state  predicted  by  ab  initio  theory  [36]  for  CoAr*  is  3A3  with  a 
binding  energy  of  D0  =  0.402  eV  (3240  cm"1)  when  corrected  for  zero  point  and 
spin-orbit  effects.  Experiment  [28]  has  confirmed  this  assignment  of  the  ground 
electronic  state  for  CoAr+  but  with  a  somewhat  greater  binding  energy  of 
41 1 1  cm"1.  As  the  binding  of  CoRg+  molecules  is  primarily  electrostatic,  the 
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ground  state  is  formed  from  the  electronic  configuration  of  the  open-shell  metal 
ion  that  minimizes  bond-axis  electron  density  and  thus  minimizes  repulsion  with 
the  polarizable  rare  gas  atom.  Of  the  low-lying  configurations  of  the  Co+  ion,  the 
d8  (ground  state)  is  expected  to  be  more  strongly  bound  to  Ar  than  the  excited 
d7s  configuration  based  on  its  smaller  effective  ionic  radius.  The  observed 
spectra  of  CoKr+  and  CoXe+  confirm  that  they  too  have  a  3A3  ground  state. 

The  optical  spectrum  of  CoAr+ ,  CoKr+ ,  and  CoXe+  in  the  region  around 
12  550  cm'1  are  remarkably  similar  and,  in  fact,  all  show  the  same  a-X  electronic 
system.  Remember  that  this  system  is  a  transition  between  two  terms  of  the  Co+ 
ion  that  arise  from  the  same  electronic  configuration  but  in  the  case  of  the 
ground  state  the  2  d-holes  are  triplet  coupled  and  in  the  excited  state  they  form  a 
singlet.  It  is  then  interesting  to  compare  the  properties  of  the  a  and  X  states. 
The  change  in  bond  strength  upon  a-X  excitation  is  greatest  for  CoAr+  (nearly  - 
22%),  intermediate  for  CoKr+  (-17%)  and  least  for  CoXe+  (-12%)  with  the  ground 
state  being  stronger  bound.  The  difference  in  equilibrium  bond  length  between 
the  a  and  X  states  is  greater  in  CoAr+  (+3.1%)  [28]  than  in  CoKr+  (+0.2%)  [29] 
with  the  singlet  state  having  the  greater  r0.  None  of  the  bond  lengths  of  the 
states  in  CoXe+  are  accurately  known  at  this  time. 

By  comparing  the  relative  bond  lengths  of  Ar  and  Kr  complexes  for  the 
same  state  of  the  Co*  ion,  relative  effective  sizes  of  the  rare  gases  in  an  ionic 
environment  can  be  probed.  The  ground  state  bond  length  of  CoAr+  (r0  =  2.385 
±  0.005  A)  is  only  slightly  shorter  than  that  of  CoKr+  (r0  =2.447  ±  0.005  A). 
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This  implies  the  effective  radius  of  Krypton  is  only  0.062  A  greater  than  Argon  in 
that  state,  yet  the  difference  in  their  vdW  radii  is  on  the  order  of  0.2  A  [30],  over 
three  times  greater  than  this  dimension.  Comparison  of  the  effective  rare-gas 
radii  in  the  excited  (a  1A2)  state  implies  that  the  Krypton  is  smaller  than  the  Argon 
by  .006  A!  This  may  be  an  indication  of  covalency  in  this  excited  state. 

As  expected  Table  4-5  indicates  that  the  binding  energy  of  cobalt 
cation-rare  gas  complexes  increases  as  a  function  of  the  rare  gas  size  for  both 
ground  and  excited  states.  Xenon  being  the  most  polarizable  gas  thus  more 
highly  bound.  Comparisons  of  analogous  states  (b,  C  and  D,  Figure  4-10)  for 
the  Co(Rg)+  homologs  show  a  direct  proportionality  with  force  constant  and 
binding  energy. 

Table  4-5  summarizes  the  ground  state  binding  energies  obtained  from 
both  experiment  and  theory  of  the  binary  M(Rg)+  complexes  studied. 
Experimental  methods  test  the  theoretical  predictions  of  the  important  properties 
of  chemical  interactions  of  these  and  other  transition-metal  ion  clusters.  The 
accuracy  of  experiment  is  still  far  better  than  the  best  theory,  when  it  is 
available  at  all.  It  is  hoped  that  complete  experimental  detail  regarding  a  class  of 
charge-(induced-dipole)  bound  open  d-shell  systems  such  as  those  described 
above  will  provide  a  useful  benchmark  for  empirical  and  ab  initio  theory. 
Currently,  computed  binding  energies  are  consistently  20  %  less  than  the 
experimental  measurements. 
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Table  4-5.  Ground  State  Binding  Energy,  D0",  of  M(Rg)+  Ions  [  eV  ]. 


Metal  cation 
in  M(RG)* 

M* 

pnnf  in  n  ration 

V*UiiiiW,ui  a  Liu  1 1 

MAr* 
Expt. 

Calc. 

MKr* 
Expt. 

Calc. 

MXe* 
Expt. 

Calc. 

Zr* 

4d3 

0.3353 

V* 

3d4 

0.369" 

0.312c 

0.474" 

0.650" 

Nb* 

4d4 

0.385d 

0.57V 

0.721' 

cr 

3d5 

0.2906 

0.232° 

Fe+ 

3d6  4s 

0.2459 

0.4159 

0.390' 

0.6159 

Co* 

3d8 

0.508" 

0.406° 

0.669" 

0.955' 

Ni* 

3d9 

0.567' 

0.4501 

Cu* 

3d10 

0.3791 

0.5711 

0.624k 

Ag' 

4d10 

0.374k 

Hg* 

6s 

0.228' 

0.393' 

0.748' 

Li* 

1s2 

0.2381 

0.3091 

0.352k 

Na* 

2s2  2p6 

0.1 201 

0.203k 

K* 

3s2 3p6 

0.061' 

0.108k 

Cs* 

5s2  5p6 

0.240m 

0.260m 

0.350m 

Mg* 

3s 

0.159" 

0.129° 

0.238" 

0.231° 

0.519" 

Ca* 

4s 

0.087° 

0.173p 

0.285° 

Ba* 

6s 

0.080q 

"this  work  (a)  Ref.  45  (b)  Ref.  26  (c)  Ref.  32  (d)  Ref.  46  (e)  Ref.  47  (f)  Ref.  48  (g)  Ref. 
40  (h)  Ref.  31  (i)  Ref.  18  (j)  Ref.  35  (k)  Ref.  49  (1)  Ref.  50  (m)  Ref.  51  (n)  Ref.20  (o)  Ref 
37  (p)  Ref.  21  (q)  Ref.  22  (r)  Ref.  52 


CHAPTER  5 

RESONANT  PHOTODISSOCIATION  OF  GROUP  V  M+«(Ar)  COMPLEXES 

Metal  cation-rare  gas  complexes,  because  of  their  small  size  and  relative 
simplicity,  make  them  reasonable  benchmarks  for  theoretical  investigation  which 
provides  some  of  the  motivation  for  their  spectroscopic  characterization.  The 
research  performed  in  the  Brucat  group  [26,53]  and  that  of  both  Duncan  and 
Bauschlicher's  groups  [21,  22,  36,  37]  have  consistently  indicated  that  the 
binding  energy  of  M+*(RG)  complexes  increases  as  a  function  of  the  polarizability 
of  the  rare  gas  [see  Chapter  4].  On  the  contrary,  trends  in  the  binding  energy  as 
a  function  of  the  electron  configuration  of  a  metal  cation  are  not  yet  clearly 
defined  given  the  vast  number  of  metals.  In  this  study  experimental 
spectroscopic  parameters  for  group  V  cation-Argon  molecules  are  added  to  the 
growing  list  which  includes  that  of  already  completed  group  II  cation-Argon 

complexes  [23]. 

By  keeping  the  size  of  the  ligand  constant  it  is  feasible  to  study  the 
changes  associated  with  the  different  electron  configurations  of  the  metal  cation. 
Just  as  illustrated  in  the  previous  chapters,  holding  the  size  of  the  metal  cation 
constant  (Ca+  or  Co+)  and  varying  the  ligand  (Ar,  Kr  and  Xe)  indicated  an  obvious 
trend  in  the  molecular  ion's  binding  energy  as  a  function  of  the  rare  gas.  Xenon 
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atom  with  the  largest  polarizability  in  the  given  series,  has  the  biggest  binding 
energy  (IvTOCe).  Some  theoretical  predictions  and  experimental  observations 
have  harmoniously  indicated  that  a  complex  containing  a  transition  metal  cation 
with  no  s-occupation  in  its  ground  state  was  more  likely  to  have  a  higher  binding 
energy  than  that  with  s-occupation.  This  concept  is  easily  understood,  since,  for 
electrostatically  bound  complexes  reducing  the  number  of  electrons  along  the 
internuclear  axis  leads  to  less  repulsion,  which  in  turn  facilitates  getting  the 
ligand  to  move  closer  to  the  point  charge  (+1)  of  the  metal.  For  group  I  and  II 
metal  cations  complexed  with  argon  an  obvious  decreasing  trend  in  the  adiabatic 
binding  energy  as  a  function  of  the  atomic  mass  of  the  metal  has  been  observed 
and  the  binding  energy  values  are  given  in  references  [36,23]  respectively. 
However,  predicting  the  absolute  trend  based  solely  on  the  occupation  of  the 
metal  cation  for  transition  metals  (with  open  d-shell  occupancy)  is  not  so 
obvious,  as  will  be  illustrated  in  this  chapter.  Thus,  increasing  the  number  of 
studied  systems  would  only  shed  more  light  to  this  puzzle. 


Data  Analysis  of  Group  V  (Metal  CationHArgon)  Complexes 


Figures  5-1,  5-2  and  5-3  show  resonant  photodissociation  spectra  of  the 
studied  M+»Ar  complexes.  VAr+  (Fig.  5-1)  and  NbAr+  (Fig.  5-2)  molecular  ions 
have  similar  features  due  to  vibronic  transitions  that  are  centered  on  the  same 
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VA-+  Resonant  Photodissociation 
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Figure  5-1.  Resonant  Photodissociation  Spectrum  of  51V40Ar+ 


The  figure  shows  three  progressions  A-X,  B-X  and  B'-X  (in  VAr+)  in  the  region  of 
15  200  cm"1  to  16  600  cm"1.  The  vertical  axis  is  the  relative  V+  photocurrent 
resulting  from  the  fragmentation  of  mass  selected  VAr+  and  the  horizontal  axis  is 
the  dissociation  laser  frequency. 
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NbAr+  Resonant  Photodissociation 
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Figure  5-2.  Resonant  Photodissociation  Spectrum  of  93Nb40Ar+. 


The  figure  shows  three  progressions  A-X,  B-X  and  b-X  (in  NbAr+)  in  the  region  of  12 
500  cm'1  to  14  000  cm'1.  Tick  marks  above  the  spectrum  indicate  line  position  of 
assigned  transitions;  dotted  lines  denote  missing  or  grossly  perturbed  lines.  The  vertical 
axis  is  the  relative  Nb+  photocurrent  resulting  from  the  fragmentation  of  mass  selected 
NbAr*  and  the  horizontal  axis  is  the  dissociation  laser  frequency. 
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Figure  5-3.  Resonant  Photodissociation  Spectrum  of  181Ta40Ar+. 


The  figure  shows  four  progressions  A-X,  B-X,  C-X  and  C-X  (in  TaAr+)  in  the  region  of 
13  600  cm"1  to  16  200  cm"1.  Tick  marks  above  the  spectrum  indicate  line  position  of 
assigned  transitions.  The  vertical  axis  is  the  relative  Ta+  photocurrent  resulting  from  the 
fragmentation  of  mass  selected  TaAr+  and  the  horizontal  axis  is  the  dissociation  laser 
frequency. 
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transition,  i.e.  nd3(n+1)s  (5P2)  B-nd4(5D)  X  ,  arising  from  the  transition  metal 
cation  chromophore.  Preliminary  rotational  analysis  of  the  photofragmentation 
excitation  spectrum  for  both  VAr+  and  NbAr+[54]  support  the  assignment  of  the 
ground  electronic  state  (X)  as  5I0  which  is  also  in  agreement  with  theory  [32]. 
The  photodissociation  spectrum  of  TaAr+  molecular  ion  (Fig.  5-3)  was  not 
rotationally  resolvable  because  of  its  heavy  mass  and  experimental  limitations. 
However,  TaAr+  has  a  unique  spectrum  compared  to  both  VAr+  and  NbAr+  due 
to  transitions  that  originate  from  a  different  ground  state  electron  configuration 
(d3s)  of  the  chromophore,  Ta+[9,  55]. 
VAr* 

The  resonant  photodissociation  spectrum  of  VAr+  has  been  recorded  in 
the  visible  region  from  15100  cm1  to  16  700  cm'1.  Figure  5-1  shows  the 
photofragmentation  excitation  spectrum  of  VAr+  with  the  A-X,  B-X  and  B'-X  band 
systems  labeled.  Table  5-1  and  5-2  lists  the  line  positions  of  the  assigned 
vibronic  transitions  and  residuals  to  the  least-squares  fit  to  the  standard 
function  (Eq.  3-1)  from  which  the  constants  TM,  coe  and  coexe  were  derived  (Table 
5-3).  The  lack  of  substantial  %  of  natural  occurring  isotopes  for  both  vanadium 
(50V  =  0.25  %  balance  51V  [1])  and  argon  (36Ar  =  0.38  %  ,  38Ar  =  0.63  %  balance 
40Ar  [1] )  has  constituted  to  the  arbitrary  excited  state  vibrational  quantum 
numbering  of  VAr+  complex.  Without  confirmation  of  the  vibrational  index  the 
obtained  spectroscopic  constants  from  a  fit  to  Eq.  (3-1)  are  possibly  inaccurate. 
However,  a  similar  spectrum  to  Fig.  5-1  has  been  observed  in  the  region  15  700 


Table  5-1 .  Line  Positions  of  group  V  cation  -Argon  Complexes  [cm1]. 
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VAr+  NbAr+  TaAr+ 
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Figure  5-4.  Observed  and  Calculated  Isotope  Shift  of  VKr+. 


The  figure  shows  the  conformation  of  the  assignment  of  the  B-state  vibrational 
index.  Symbols  represent  experimental  observations  and  the  three  curves  are 
calculated  using  equation  4-2.  Data  and  predictions  are  in  agreement  that  the 
first  observed  transition  corresponds  to  (5,0)  for  (v\  v"),  middle  curve.  The  higher 
and  lower  curves  are  calculations  assuming  the  index  was  different  by  +1 
quantum. 
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cm"1  to  17  350  cm"1  for  VKr+  [53].  The  absolute  vibrational  numbering  of  the 
observed  transitions  was  made  possible  from  measuring  the  spectral  shift  among 
the  V82Kr+,  V84Kr+  and  V86Kr+  isotopomers  (shown  in  Figure  5-4).  Thus  the 
effective  vibrational  index  listed  in  Table  5-1  for  VAr+  was  chosen  to  be  close  to 
the  absolute  value  by  comparing  the  VAr+  to  VKr+ spectrum. 

All  assigned  transitions  originate  from  v"  =  0,  that  is,  there  are  no 
observed  "hot  bands".  The  residuals  (observed  minus  calculated  line  positions) 
to  the  fit  show  that  Eqn.  (3-1 )  is  accurate  near  the  bottom  of  the  potential  but 
fails  near  the  top  of  the  well  as  expected  for  a  system  (i.e.  M»Ar+)  for  which  a 
Morse  oscillator  is  applied.  Figure  5-5  shows  that  a  Morse  oscillator  (curve) 
provides  an  accurate  description  of  the  VAr+  complex  (and  Figure  5-6  for  V84Kr+) 
for  lower  v'  but  under  estimates  the  molecular  ion's  dissociation  energy,  D0* 
(Birge-Sponer  extrapolation).  Symbols  represent  experimental  data  points. 
Striking  similarities  in  the  vibrational  structure  of  VAr+  and  VKr+ excited  states  are 
evident.  A  more  reliable  procedure  for  determining  the  dissociation  limit  of  a 
state  is  the  LeRoy-Bernstein  fit  [14,  42]  of  higher  vibrational  energy  levels  and  is 
applied  for  all  the  discussed  molecular  ions  (see  Determination  of  Dissociation 
Limits). 
NbAr* 

Similar  data  analysis  to  VAr+  were  performed.  Similarities  in  the  VAr+and 
NbAr+  spectra  are  due  to  vibronic  transitions  that  originate  from  the  same 
transition  nd3(n+1)s  (5P2)  B-nd4(5D)  X  centered  on  the  metal  cation 
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Figure  5-5.  VAr+  Fit  to  Band  Origin. 


In  the  figure  three  excited  states  (A,  B  and  B')  are  labeled  with  corresponding  symbols 
indicated  on  the  lower  right.  The  curves  are  calculated  using  Eq.  3-1;  an  excellent 
agreement  for  lower  v'  with  calculated  values  is  obvious,  however,  this  model  fails  at 
higher  v'  where  long-range  forces  become  important.  The  dashed  line,  D0*(BS), 
indicates  a  lower  dissociation  limit  predicted  by  the  Birge-Sponer  approximation.  The 
true  dissociation  limit  of  the  excited  states  is  determined  by  LeRoy-Bernstein  analysis. 
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Figure  5-6.  V84Kr+  Excited  States. 


In  the  figure  three  excited  states  (A,  B  and  C)  are  labeled  with  corresponding 
symbols  indicated  on  the  lower  right.  The  vertical  axis  is  transition  frequency 
and  the  horizontal  axis  is  the  assigned  vibrational  quantum  number  of  the  excited 
states.  Curves  are  calculated  using  Eq.  3-1  and  show  an  accurate  prediction  at 
the  bottom  well  an  obvious  deviation  at  the  top  of  the  potential  (higher  v')  is 
indicated. 
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Figure  5-7.  Excited  States  of  NbAr+. 


This  figure  shows  the  assigned  states  in  the  region  12400  cm"1  to  14000  cm"1  of 
NbAr+.  The  a-X  transitions  occur  1000  cm  1  to  the  red  of  this  energy  range.  The 
vertical  axis  is  the  transition  frequency  and  horizontal  axis  is  arbitrary  vibrational 
quantum  index  of  the  excited  states.  Symbols  indicate  experimental  data  points 
and  curves  are  calculated  using  the  standard  formula  Eq.  3-1.  Perturbations  are 
present  (open  symbol)  in  the  B-state  due  to  the  accidental  degeneracy  of  some 
of  the  bands  belonging  to  the  b-state  convergence  band  system. 
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chromophore  (V+  or  Nb+).  A  portion  of  the  photofragmentation  excitation 
spectrum  of  NbAr+  (12  500  cm"1  to  14  000  cm"1)  is  shown  in  Fig.  5-2  and 
assigned  band  systems  A-X,  B-X  and  b-X  are  indicated.  For  the  B-X 
progression  the  dotted  lines  indicate  line  positions  (marked  with  asterisks  in 
Table  5-1)  that  are  perturbed  thus  not  included  in  the  regression  used  to  obtain 
the  molecular  constants  that  are  listed  in  Table  5-3.  Figure  5-7  shows  the 
vibrational  structure  of  these  excited  states,  however,  the  vibrational  index  is 
arbitrary  given  that  both  natural  occuring  abundances  of  93Nb  and  40Ar  are  over 
99  %  leaving  less  than  1  %  for  the  other  isotopes  (which  is  too  small  to  detect  in 
the  Brucat  research  experimental  apparatus).  Overall,  four  vibrational 
progressions  have  been  identified:  their  line  positions  and  molecular  constants 
are  tabulated  in  Tables  5-1  and  5-2  ,  respectively.  The  labeling  of  states  follow 
standard  procedure  where  the  upper  case  letters  are  used  to  indicate  spin 
allowed  transitions  and  lower  case  for  spin  forbidden.  Note  that  for  the  b-X 
progression  some  of  the  spectroscopic  constants  are  not  listed  due  to  the  fact 
that  all  probed  transitions  for  this  system  were  close  to  the  convergence  where  a 
fit  to  equation  (3-1)  would  be  inaccurate,  thus,  only  a  LeRoy-Bernstein  analysis 
was  performed. 
TaAr* 

The  resonant  photodissociation  spectrum  of  TaAr+  has  been  recorded  in 
the  near  infrared  and  visible  region  from  12  150  cm'1  to  18  100  cm1.  As 
expected  the  TaAr+  spectrum  is  unique  compared  to  both  VAr*  and  NbAr* 


spectra  as  a  result  of  a  different  electron  configuration  (d3s)  in  the  ground  state 
ofTa+.  Figure  5-3  shows  a  portion  of  the  photofragmentation  excitation 
spectrum  in  the  region  13  500  cm"1  to  16  200  cm"1  where  the  A-X,  B-X,  C-X  and 
D-X  band  systems  occur.  A  'close-up'  of  the  A-X  progression  is  shown  in  Figure 
5-8,  indicating  an  obvious  red  degradation  of  the  bands.  This  observation 
suggests  that ,  in  TaAr+  system,  the  A-state  is  less  bound  than  the  ground  state. 
Overall,  five  vibronic  band  systems  were  observed  for  TaAr+  complex  in  the 
region  13  500  to  18  500  cm"1  (shown  in  Figure  5-9).  Tables  5-1,  5-2  and  5-3  list 
line  positions  and  spectroscopic  constants  of  the  assigned  states. 

Once  again,  the  lack  of  natural  occurring  isotopes  for  both  tantalum  and 
argon  has  made  the  absolute  vibrational  numbering  of  these  systems  uncertain. 
However,  band  origins  (v'  =  0  -v"  =  0)  have  been  identified  as  the  most  intense 
features  in  the  A-X  ,  D-X  and  E-X  progressions  thus  the  excited  state  vibrational 
levels  are  labeled  starting  from  v'  =  0  (see  Figures  5-3  and  5-8).  The  A,  D  and  E 
states  must  have  similar  re  values  to  the  ground  state  which  resulted  in  strongest 
optimal  overlap  with  the  0-0  transition  (v'-v"),  thus  the  most  intense  vibronic 
transition  observed,  based  on  Franck-Condon  principle.  The  vibrational  quantum 
index  for  B  and  C  excited  states  is  arbitrary.  Spectroscopic  constants  for  the 
excited  state  labeled  E  are  the  least  accurate  as  only  five  vibrational  energy 
levels  were  observed. 
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Figure  5-8.  The  TaAr+  A-X  Band  System. 


This  figure  shows  a  "close-up"  of  Figure  5-3  in  the  region  13  500  to  14  900  cm"1 
The  A-X  bands  are  clearly  red  degraded  indicating  a  longer  bond  length  in  the 
excited  state  relative  to  the  ground  state.  Tick  marks  above  the  spectrum  mark 
the  line  positions  and  the  corresponding  vibration  quantum  numbers  for  the  A 
state  are  indicated. 
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Figure  5-9.  TaAr+  Fit  to  Band  Origin. 


This  figure  shows  assigned  excited  states  for  TaAr+  in  the  region  of  13  500cm"1 
to  18  500  cm1.  As  consistently  the  vertical  axis  is  the  transition  frequency 
(wavenumbers)  and  the  horizontal  axis  is  arbitrary  vibrational  index  of  the  states. 
Excellent  agreement  between  experiment  (symbols)  and  prediction  (curves)  of 
transitions  (Eq.  3-1)  is  evident. 
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Note  that  the  labeling  of  the  excited  states  for  TaAr+  molecular  ion  merely 
reflects  the  ordering  of  the  electronic  origin  (as  currently  assigned),  that  is,  some 
of  the  excited  states  may  be  spin  forbidden  thus  would  have  to  be  indicated  with 
lower  case  letters.  Detailed  analysis  of  TaAr+  complex  is  still  in  progress  in  our 
laboratory.  Simultaneous  acquisition  of  high-resolution  photodissociation 
spectra  of  the  isotopic  variant  of  Ta40Ar+  (that  is,  Ta36Ar+ )  would  aid  in  confirming 
the  vibrational  numbering  of  the  excited  state  vibronic  levels  and  in  assigning  the 
diabatic  dissociation  limits. 
Determination  of  Dissociation  Limits 

At  large  internuclear  separations,  the  nature  of  attractive  forces  between 
the  separating  atoms  determine  the  vibronic  structure  of  the  highest  bound  levels 
in  the  potential.  LeRoy  and  Bernstein  (LB)  have  provided  a  protocol  for  the 
analysis  of  this  vibrational  structure  and  accurate  extrapolation  to  the 
disscoiation  limit  of  the  molecule.  Figure  5-10  shows  such  a  LeRoy  Bernstein 
plot  for  the  VAr+ ,  NbAr+  and  TaAr+  molecular  ions.  The  symbols  are  vibrational 
first  differences  obtained  from  the  observed  bands  in  the  spectrum  and  the  line  is 
calculated  using  the  expression  given  by  Eq.  (4-3).  A  plot  of  the  derivative  of  the 
vibrational  energy,  AG(v)4'3,  with  respect  to  the  transition  frequency,  E(v),  yields  a 
line  with  a  slope  of  -K4'3  and  the  dissociation  energy  at  the  x-intercept. 

Assignment  of  dissociation  limits  for  VAr+  and  NbAr+  has  been  presented 
elsewhere  [53,  27]  respectively.  Briefly,  for  the  NbAr+  complex,  the  difference 
between  the  B  state  limit  at  13941  cm"1  and  the  b  state  at  14026  cm"1  must 
correspond  to  that  of  the  separated  Nb+atom  (Figure  5-11)  given  that  argon  has 
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no  low-lying  electronic  states  in  this  energy  range.  Thus,  the  atomic  states  at  the 
B  and  the  b  state  limits  have  been  assigned  to  Nb+  5P2  +  Ar  1S  (at  10835.85  cm"1 
[9])  and  Nb+  3G5  +  Ar  1S  (at  10918.52  cm"1  [9]),  respectively.  The  ground  state 
dissociation  energy  for  NbAr+  complex  is  then  simply  determined  by  subtracting 
the  matching  atomic  promotion  energy  from  the  diabatic  dissociation  limit  of  the 
assigned  state.  From  this  analysis  the  NbAr+  molecular  ion's  ground  state 
binding  energy  is  determined  to  be  3106  +  10  cm'1.  Assuming  that  the  B  state  in 
VAr+  dissociates  diabatically  to  V+  5P2  +  Ar  1S,  given  similar  spectral  features  in 
both  VAr*  and  NbAr+  spectra  (Figures  5-1  and  5-2),  then  the  difference  between 
the  diabatic  dissociation  limit  at  16  577  cm"1  and  the  assigned  atomic  promotion 
energy  (V  5P2  +  1S  Ar  at  13  594.73  cm"1  [9] )  yields  the  ground  state  binding 
energy  of  2974  cm"1  for  the  VAr+  complex. 

The  binding  energy  of  TaAr+  complex  is  estimated  to  be  2000  +  500  cm'1, 
further  details  for  this  assignment  are  provided  below. 

Discussion 

The  binding  energy  trends  observed  in  VAr+  versus  NbAr+  parallel  those 
recently  found  in  VXe*  versus  NbXe+  complexes  [52].  The  advantage  of  the 
xenon  ligand  is  that  there  are  several  natural  occuring  isotopes  (129Xe,  131Xe, 
132Xe  ,  134Xe  and  136Xe)  which  were  used  to  confirm  the  absolute  vibrational 
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Figure  5-10.  LeRoy-Bernstein  Plots  of  Group  V  (Metal  Cation  )-Argon  Complexes. 


This  figure  shows  the  extrapolation  of  vibrational  first  differences  to  the  diabatic 
dissociation  limit  of  the  labeled  states  of  VAr+,  NbAr+  and  TaAr+.  This  dissociation  limit 
corresponds  to  the  production  of  excited  state  fragments.  The  vertical  axis  is  the 
vibrational  first  difference  (Eq.  4-3)  to  the  4/3  power  (in  cm'1)  and  the  horizontal  axis  is 
the  observed  transition  frequency. 
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Figure  5-11.  Low-Lying  Atomic  States  of  93Nb+  Ion. 


This  figure  shows  the  positions  of  low-lying  atomic  states  of  Nb+  [9]  with  the 
asterics  indicating  the  probed  transitions  for  the  b-X  and  B-X  band  systems. 
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numbering  of  the  excited  states  in  the  group  V  cation-Xenon  complexes.  The 
ground  state  binding  energy  of  Nb+«(Rg),  where  Rg  is  either  Ar  or  Xe,  is  greater 
than  that  of  V+»(Rg)  systems,  however,  the  excited  states  show  a  reverse  trend. 
Given  that  the  B  state's  diabatic  dissociation  limit  ( in  both  VAr+  and  NbAr+)  has 
been  assigned  into  a  M+  5P2  +  Ar  1S0  limit  with  d3s  configuration,  where  M+  is  the 
metal  cation,  an  argument  can  be  made  that  the  observed  trend  is  due  to  the 
radial  size  of  the  occupied  4s  versus  5s  orbital  which  would  contribute  to  the 
reduction  of  the  binding  energy  for  NbAr+  molecular  ion.  The  decreasing  trend  in 
binding  energy  as  the  radial  size  of  the  metal  cation  increases  (ns1 
configuration)  is  also  observed  for  group  II  cation-Argon  complexes  [23]. 

The  opposite  trend  observed  in  the  ground  state  binding  energy  is 
consistent  in  the  argon  and  xenon  ligated  complexes.  The  difference  in  the 
ground  state  binding  energy  of  VAr+  versus  NbAr+  is  =130  cm'1  while  that 
between  VXe+  and  NbXe+  is  =500  cm'1  with  the  Nb+»(Rg)  complex  being  more 
bound.  This  trend  suggests  that  for  open  d-orbital  with  no  occupation  of  the  s- 
orbital  the  contraction  of  the  d-orbitals  which  is  a  function  of  the  number  of 
electrons  (3d4  and  4d4  for  V+  and  Nb\  respectively)  plays  a  vital  role.  The  exact 
mechanism  or  contribution  of  the  orbital  contraction  to  the  binding  energy  of 
these  interesting  systems  awaits  theoretical  investigations.  However, 
experimental  observations  indicate  that  the  simple  approach  of  expecting  the 
binding  energy  of  molecular  ions  to  decrease  on  moving  down  a  group  in  the 
periodic  table  fails  for  systems  containing  no  s-occupied  orbitals  but  only 
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electrons  in  the  unfilled  d-orbitals,  as  discussed  above.  Of  course,  this 
conclusion  is  only  based  on  one  example  which  could  as  well  be  an  exception. 
Thus,  further  investigations  on  other  second  row  and  third  row  transition  metal 
containing  systems  are  currently  being  pursued  in  the  Brucat  group  for  an 
extension  of  high-resolution  photodissociation  data  in  order  to  verify  or  predict 
any  existing  trends. 

The  ground  state  binding  energy  of  TaAr+  molecular  ion  has  been 
determined  based  on  the  following  arguments,  the  dissociation  limit  of  the 
labeled  C  state  predicated  by  a  LeRoy-Bernstein  analysis  of  the  observed 
transitions  occurs  at  16293  cm"1,  shown  in  Fig.  5-10  and  Table  5-3.  Literature 
indicates  that  the  lowest  energy  level  of  Ta+  has  a  5d36s  electron  configuration 
[9,  59],  shown  in  Figure  5-9  and  that  there  are  several  atomic  lines  in  the  region 
of  13  000  to  15  000  cm"1.  This  has  made  it  difficult  to  assign  the  C-state  to  its 
corresponding  atomic  limit.  If  two  dissociation  limits  were  observed  in  the 
experiment  then  the  information  would  aid  in  picking  the  correct  assignment.  Due 
to  insufficient  information,  only  an  approximation  of  the  adiabatic  binding  energy 
of  TaAr+  ion  can  be  made. 

Table  5-4  lists  the  known  binding  energies  of  M+»Ar  systems  with  the 
corresponding  electron  configuration  on  the  metal  cation.  Comparisons  of  the 
known  binding  energies  are  used  to  estimate  or  'guess'  the  adiabatic  binding 
energy  of  TaAr+  complex.  Unfortunately,  only  Zr+  has  an  s-occupied  orbital 
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Figure  5-12.  Low-Lying  Atomic  States  of  181Ta+  Ion. 


This  figure  shows  the  positions  of  low-lying  atomic  states  of  181Ta+  [9,  55]. 
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Table  5-4.  Ground  States  of  M+«Ar  Complexes  [cm1] 


System 

Config.  (M+) 

D0  Expt. 

D0  Theory 

obs-calc 

%error 

LiAr+ 

1s2 

- 

1919a 

- 

- 

NaAr* 

2p6 

- 

967a 

- 

- 

KAr+ 

3p6 

- 

492a 

- 

- 

BeAr+ 

2s1 

4112b 

- 

- 

- 

MgAr+ 

3s1 

1270° 

1041d 

229 

18.0 

CaAr+ 

A  1 

4s1 

736e 

- 

- 

- 

SrAr+ 

5s1 

827' 

BaAr+ 

6s1 

6809 

ZrAr+ 

4d25s1 

2706h 

- 

- 

- 

VAr+ 

3d4 

2974' 

25201 

458 

15.2 

NbAr+ 

4d4 

3106k 

CrAr+ 

3d5 

2339' 

1872J 

467 

20.0 

CoAr+ 

3d8 

41 1 1m 

3275J 

836 

20.3 

NiAr+ 

3d9 

4572" 

3872° 

700 

15.3 

TaAr+ 

5d36s1 

=2000p 

HaAr+ 

6s1 

1839q 

aref.35,  bref.56,  cref.19,  dref.37,  eref.21,  Vef.23, 9ref.22,  href.44, 'ref.53,  jref.32, 
kref.27,  'ref.57,  mref.18 ,  nref.28,  °ref.36,  pthis  work  and  qref.49 


(4d25s)  and  the  binding  energy  of  ZrAr+  complex  is  2706  cm'1  [44]  and  TaAr+ 
(Ta+,  5d36s  )  is  the  first  spectroscopically  studied  third  row  containing  transition 
metal  system.  Given  the  observed  trends  in  Table  5-4;  an  occupied  6s  orbital 
would  be  expected  to  have  a  smaller  binding  energy  than  a  5s  orbital  because  of 
its  larger  radial  size.  However,  there  are  competing  factors,  the  3d4  configuration 
of  V+*(Rg)  proved  to  be  less  bound  than  the  4d4  configuration  of  Nb+»(Rg) 
systems,  thus  a  5d3  configuration  would  be  expected  to  have  a  higher  binding 
energy  than  a  4d2  configuration  (provided  this  trend  is  consistent).  In  addition,  as 
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a  general  trend,  increasing  the  number  of  electrons  in  the  d-orbital  tend  to 
increase  the  d-subshell  contraction  due  to  increasing  the  atomic  number  which 
consequently  leads  to  a  smaller  ion  thus  larger  binding  energy  as  indicated  for 
Var+  <  CoAr*  <  NiAr+  series,  Table  5-4.  This  trend  shows  an  anomaly  at  3d5  for 
the  Cr+  atom,  but  in  order  for  the  molecular  ion  to  preserve  high  spin  the 
chromium  cation  must  present  a  3da  molecular  orbital  to  the  argon  ligand,  in 
contrast  to  3d4  V+.  An  electron  along  the  bonding  axis  causes  repulsion  between 
the  two  atoms  which  in  turn  results  in  a  reduction  in  binding  energy  counter  to 
the  overall  increase  in  bond  energy  with  d-orbital  contraction. 

Given  the  above  speculations  it  would  not  be  unreasonable  to  anticipate  a 
binding  energy  in  the  region  of  1500  cm"1  to  2500  cm'1  for  TaAr+  molecular  ion.  In 
keeping  with  this  hand  waving  argument  (provided  above)  the  estimated  binding 
energy  of  TaAr+  ion  is  2000  +  500  cm"1. 

For  IvTAr  complexes  whose  bond  length  has  been  determined  or 
calculated,  it  is  possible  to  evaluate  the  energetics  of  the  inductive  binding  in  the 
M+-Ar  ion  complex  through  the  application  of  the  charge-induced  dipole  force 
equation,  cfallf,  and  a  choice  of  the  charge  (q)  on  the  metal  and  the  'ligand' 
polarizability  (a).  The  charge  is  assumed  to  be  that  of  a  full  electron  (positive) 
charge  situated  on  the  metal  center.  Two  possible  choices  exist  for  the  value  of 
the  dipole  polarizability  of  argon,  the  exact  bulk  value  1 .66  A3  [58]  and  a  slightly 
lower  value,  1.48  A3,  found  to  be  indicative  of  the  effective  dipole  polarizability  in 
the  inhomogeneous  field  of  a  point  charge  in  an  ion  complex  (Chapter  6). 
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Table  5-5  lists  the  charge-(induced-dipole)  energy  (q-MIND)  at  the  best- 
estimate  bond  length  of  several  IvT-Ar  complexes  for  each  of  the  two  choices  of 
polarizability.  Table  5-4  shows  that  the  charge-(induced-dipole)  attraction,  (q- 
|jIND),  accounts  for  about  only  60%  of  the  total  binding  energy  of  the  transition- 
metal  ion  complexes  whereas  this  force  accounts  for  all  of  the  binding  (100%)  in 
alkaline-metal  ion  complexes.  Note  that  if  the  bulk  value  of  the  dipole 
polarizability  is  used,  the  (q-M,ND)  value  calculated  is  actually  larger  than  the  true 
bond  energy  (with  the  exception  of  BeAr+ where  both  polarizabilities  overestimate 
the  binding  energy  ).  Based  on  this  observation  we  suggest  that  the  authors 
consider  using  an  a  =  1 .48  A3  in  predicting  the  LeRoy-Bernstein  slope  for  group 
II  cation-Argon  complexes. 

What  is  the  difference  between  the  group  II  cation-Argon  complexes  and 

all  the  other  ions?  The  M+  ion  in  its  ground  state  is  alkali-like  in  electron 
configuration,  ns\  so  it  has  significant  repulsion  to  inductive  binding  and  thus  the 
longest  bond  length  with  Ba+»Ar  having  the  smallest  binding  energy  of  all  the 
studied  complexes,  Table  5-5.  Nonetheless,  Zr+»Ar  too  has  a  metal  5s-electron 
occupancy  in  its  ground  state.  Yet  the  binding  energy  of  ZrAr+  is  over  three 
times  as  large  as  that  of  Sr+»Ar  which  also  has  a  5s-electron.  Additional  binding 
forces  in  the  transition  metal  ion  complexes  associated  with  the  open  d-shell 
valence  appears  plausible.  However,  the  charge  donation  from  ligand  to  metal 
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Table  5-5.  Charge-(induced-dipole)  Contribution  to  the  Ground  State  Binding 
Energy  of  M+«Ar 


Molecular  Ion 

VAr' 

NbAr* 

CoAr* 

NiAr* 

ZrAr* 

BeAr* 

MgAr* 

BaAr* 

[ref#] 

[53] 

[27] 

[28] 

[18] 

[45] 

[56] 

[59] 

[22] 

D0"  (cm1)  expt. 

2975 

3106 

4111 

4572 

2706 

4112 

1259 

680 

r0"  (A)  expt. 

2.645c 

2.635 

2.385 

2.374c 

2.718 

2.085 

2.88 

3.36 

D0"  (cm1)3  calc. 

1969 

1999 

2978 

3034 

1766 

5099 

1401 

756.1 

D0 "  (crrv1)b  calc. 

1767 

1794 

2673 

2705 

1585 

4546 

1249 

674.1 

%(a=  1.66  A3)3 

66.2 

64.3 

72.4 

66.4 

65.3 

124.0 

111.2 

111.2 

%(a=  1.48  A3)b 

59.4 

57.7 

65.0 

59.2 

58.6 

110.5 

99.2 

99.1 

Note:  All  group  II  cation-Argon  complexes  De  and  re  values  were  used. 
a[  calculated  using  a=  1 .66  A3  ref.  58  ] 
b[  calculated  using  a=1.48  A3  this  work] 
c[ref.  32]  ion  observed  in  AuXe+  [60] 


is  not  believed  to  be  taking  place  in  ZrAr+  because  of  the  large  difference  in  the 
ionization  potentials  of  Zr  and  Ar.  There  are  currently  no  literature  values  for  the 
prediction  of  the  bond  length  of  TaAr+  and  since  our  photodissociation  spectrum 
was  not  rotationally  resolved,  this  molecular  ion  has  been  omitted  in  the  charge- 
induced  dipole  contribution  calculations.  More  examples  of  transition-metal 
systems  expected  to  have  metal  ion  s-orbital  occupancy  in  their  ground  states, 
such  as  ScAr+  and  FeAr+  are  currently  under  investigation  in  the  Brucat 
laboratory  and  might  provide  additional  insight  into  this  question. 

Table  5-5  summarizes  the  ground  state  bond  strengths  of  several  metal 
ion-Argon  complexes,  listed  by  electronic  configuration  of  the  metal  ion.  The 
trends  in  the  binding  of  the  various  metal  ions  with  the  same  ligand  clearly 
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demonstrate  simple  electrostatic  binding.  The  larger  the  metal  ion,  the  smaller 
the  electrostatic  and  inductive  binding,  and  thus  the  weaker  the  binding  energy. 
Theory  shows  a  systematic  =20  %  underestimation  of  all  calculated  M+»Ar 
binding  energies  for  both  transition  metal  and  non-transition  metal  cations 
complexed  with  argon.  The  observed  trend  of  calculated  ground  state  binding 
energies  parallels  that  of  experiments.  However,  both  experimental  and 
theoretical  studies  are  still  incomplete.  Hopefully,  the  present  work  will  create  an 
incentive  for  calculation  of  second  and  third  row  containing  metal  cation-Argon 
complexes.  Matching  experimental  data  would  also  facilitate  clarifying  trends  in 
binding  energies  as  a  function  of  metal  ion  size. 

Conclusions 

The  bond  strength  of  (group  v)  MAr+  complexes,  VAr+  ,NbAr+  and  TaAr+ 
has  been  determined  spectroscopically  as  2974  +  10  cm"1  ,  3106  ±  10  cm"1  and 
=2000  +  500  cm'1,  respectively.  The  leading  term  in  the  electrostatic  (inductive) 
interaction  between  an  atomic  ion  and  argon,  the  (q-MIND)  potential  is  found  to 
contribute  only  ca.  60%  of  this  bond  energy  for  transition  metal  cations 
complexed  with  argon  and  ca.  100  %  for  group  II  cation-Argon  systems.  Given 
that  the  polarizability  of  argon  derived  here  (a  =  1.48  A3 )  predicts  almost  100  % 
of  the  ground  state  binding  energy  (which  is  overestimated  by  the  literature  a  = 
1.66  A3  value)  for  group  II  cation-Argon  complexes  a  suggestion  is  made  that 
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the  authors  [22,  57,  59]  use  the  Brucat  group  determined  polarizability  of  argon 
for  calculating  the  theoretical  LB  slope  for  their  complexes.  It  is  reasonable  to 
postulate  that  the  polarizability  value  (1.48  A3 )  derived  from  a  diatomic  molecular 
ion  would  better  predict  the  binding  energy  of  these  systems  compared  to  an 
exact  bulk  value  (1.66  A3). 


CHAPTER  6 
POLARIZABILITY  OF  ARGON 


A  Measure  of  the  Effective  Electric-Dipole  Polarizability  of  Argon 


Normally,  the  determination  of  the  polarizability  of  an  atom  or  molecule  is 
made  from  a  bulk  measurement  of  the  relative  electric  permittivity  (dielectric 
constant)  in  the  radio  frequency  or  from  the  index  of  refraction  at  optical 
frequencies.  The  theory  behind  this  determination  may  be  found  in  any 
undergraduate  physical  chemistry  textbook  [61].  In  the  absence  of  a  permanent 
dipole,  or  at  the  high  temperature  limit,  the  reorientational  contribution  to  the 
dielectric  shielding  of  the  applied  electric  field  may  be  ignored  and  the 
polarizability  (more  precisely,  the  polarizability  volume)  of  a  molecule  may  be 
determined  from  Clausius-Mossotti  equation  [61]  as, 


(e/e0)  +  2 

where  (e/e0)  is  the  dielectric  constant,  p  is  the  number  density  of  molecules  in 
the  sample,  and  a  is  the  polarizability  volume  of  the  molecule.  At  optical 
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frequencies  the  index  of  refraction,  n,  is  more  easily  measured  than  the 
impedance  of  the  sample.  In  this  case,  the  dielectric  constant  may  be  obtained 
from  the  relation  (e/e0)  =  n2  and  the  polarizability  obtained  from  eqn  (6-1),  above. 

While  the  above  treatment  is  not  without  hidden  and  undiscussed 
approximations,  let  us  focus  on  the  fact  that  a  molecular  property,  a,  is  derived 
from  a  bulk  phase  measurement.  In  the  bulk  the  molecules  are  in  an 
environment  created  by  their  neighbors.  The  bulk  electric  permittivity  of  the 
sample  is  merely  apportioned  equally  among  the  number  of  molecules  in  the 
sample,  without  regard  to  how  the  condensed  phase  affects  individual  molecular 
polarizability.  This  has  the  consequence  of  ignoring  any  possible  many-body 
effects  in  the  distortion  of  the  molecules  in  the  externally  applied  electric  field. 

This  approximation  is  pragmatic  in  that  dielectric  measurements  on  bulk 
samples  are  easy,  in  contrast  to  the  measurement  of  the  properties  of  isolated 
molecules.  The  distortion  of  an  individual  atom  of  argon  in  the  electric  field  of  a 
nearby  atomic  ion  is  described  in  this  chapter.  The  interaction  of  these  two 
atoms  will  be  studied  without  interference  from  collisions  and  even  the 
application  of  an  external  electric  field.  The  distortion  of  the  argon  is  the  origin  of 
a  long-ranged  binding  force  in  an  ion  rare-gas  diatomic,  and  the  vibrational 
structure  of  this  complex  determines  the  effective  value  of  the  polarizability  in  this 
unique  environment.  It  is  clear  that  the  technique  described  here  is  not  capable 
of  routinely  placing  a  measure  on  the  polarizability  of  an  arbitrary 
molecule,  but  is  capable  of  determining  the  effective  polarizability  of  argon  to  an 
accuracy  worthy  of  discussion  and  comparison. 
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Sharp  resonant  photodissociation  spectra  have  been  observed  in  the 
Brucat  group  laboratory  for  six  (transition  metal  cation)-(argon)  binary 
complexes:  VAr+  [31],  NiAr*  [18],  CoAr+[28],  NbAr+  [27]  ZrAr+  [45,  62]  and  TaAr* 
[chapter  5].  In  all  cases,  more  than  one  excited  state  of  the  ion  has  been 
observed.  The  properties  of  these  states  may  vary  drastically,  even  in  a  single 
molecule,  because  of  differences  in  the  electronic  configuration  of  the  metal  ion 
which  leads  to  that  state.  However,  the  behavior  of  the  vibrational  energy  level 
spacing  of  these  states  near  their  diabatic  dissociation  limit ,  D,  shows  a  regular 
structure  and  is  the  focus  of  our  attention.  For  a  molecular  potential  of  the  form 

C 

U(r)   =  Repulsion  -  — -  (6-2) 

r  n 

the  vibrational  energy  level  structure  of  the  highest  bound  vibrational  states  have 
the  property  [14,  42] 

AG  ( v)   =   E(V  +  1)  "E(V'1}    =  -  K  [E  ( v)  -D](^)  (6-3) 

2 

where  E(v)  is  the  energy  of  the  vibrational  level  in  a  given  electronic  state  labeled 
by  quantum  number  v  and  D  is  the  energy  of  the  dissociation  limit  of  that 
electronic  state.  AG(v)  is  'approximately'  the  derivative  of  the  total  energy  with 
respect  to  vibrational  quantum  number.  [E(v)  -  D]  is  the  diabatic  binding  energy 
of  the  vibrational  level  labeled  by  v. 


The  constant,  K,  has  been  shown  [14,  42]  to  be 
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n  +  1 
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-1/n 


n  r 
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K  = 
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(6-4) 
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In  this  study,  the  long-range  force  binding  the  atoms  in  MAr+  ions  is  expected  to 
be  charge  induced-dipole  (n=4)  and  thus 


where  q  is  the  charge  of  the  metal  ion  and  a  is  the  dipole  polarizability  of  the 
argon.  Application  of  Eqn  (6-3)  to  MAr+  ions  suggests  that  for  such  charge- 
induced  dipole  bound  species  a  plot  of  AG4'3  versus  transition  frequency,  [E(v)  - 
D],  should  be  linear  for  the  highest  frequency  transitions  in  any  electronic  band 
system,  as  illustrated  in  previous  chapters  4  and  5.  This  analysis  has  been  used 
by  the  Brucat  group  [18,  31,  63]  to  accurately  extrapolate  bound  state  vibrational 
level  energies  to  the  dissociation  limit.  In  deference  to  the  formulators  of  eqn  (6- 
3)  this  plot  is  referred  to  as  a  LeRoy-Bernstein  plot.  (Note  that  a  L-B  plot  of 
potentials  with  a  long-ranged  force  characteristic  of  a  power  law  with  n*4  will 
have  a  different  power  of  AG  on  the  vertical  axis,  but  would  also  be  called  a 
LeRoy-Bernstein  plot.)  This  analysis  is  basically  an  improvement  of  the  Birge- 


(6-5) 


2 
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Sponer  plot  (  AG1  versus  [E(v)  -  D] )  which  works  only  for  molecular  potentials 
well  described  by  a  Morse  oscillator.  It  should  be  noted,  however,  that  a 
traditional  Birge-Sponer  analysis  has  been  successfully  applied  to  MgRg+ 
ions  [20]  which  are  clearly  not  Morse  oscillators  near  dissociation. 

LeRoy-Bernstein  plots  for  3  quartet  electronic  states  of  the  NiAr+  molecule 
and  two  excited  states  of  ZrAr+ complex  have  been  presented  elsewhere 
reference  [18,  62]  for  both  molecular  ions  respectively.  Chapters  4  and  5  show 
L-B  plots  for  CoAr+,  CoXe+  and  group  V  MAr+  molecular  ions.  Although  the 
experimental  data  deviates  from  the  form  of  Eqn  (6-3)  far  from  dissociation, 
gratifying  linearity  is  observed  near  E(v)  =  D.  This  confirms  the  origin  of  the  long- 
range  force  between  the  dissociating  atoms  as  charge  induced-dipole.  The 
limiting  slope  of  the  data  near  the  dissociation  may  be  obtained  from  eqn  (3-3) 
for  n=4  as  a  function  of  the  Argon  polarizability,  the  reduced  mass  of  the 
diatomic,  and  fundamental  constants 

,/3  -3.898 

*       2/3     1/3  (6"6) 

jj  a 

where  the  numerical  constants  have  been  evaluated  assuming  K4'3  in  units  of 
[cm1]1'3.  M  in  ur)its  of  g/mol,  a  in  units  of  A3,  and  a  singly  charged  M+  ion. 

Table  6-1  lists  the  corresponding  limiting  slopes  (-K4/3)  with  the  reduced 
mass  for  each  excited  state  of  all  six  investigated  molecular  ions  (MAr+).  The 
resulting  polarizability  of  Argon  from  the  LB  limiting  slopes  is  a  function  of  the 
electron  configuration  of  the  metal  cation  (shown  in  Table  6-1  and  Fig.  6-1).  In 
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general,  the  smaller  the  size  of  an  atomic  ion,  then  the  smaller  the  derived 
polarizability  value  due  the  effect  of  higher  multi-pole  moments  that  are  induced. 


Table  6-1 .  Properties  of  the  Observed  Excited  States  of  MAr+  Systems. 


MAr+ 

State 

NT  Config. 

D0*(LB) 

m 

-K*3  (Slope) 

label 

Excited  State 

[cm1] 

[amu] 

icm1]1'3 

51VAr+ 

B 

3d3  4s 

16578 

22.39 

-0.427 

58NiAr+ 

a 

3d8  4s 

13905 

23.65 

-0.415 

58NiAr+ 

b 

3d8  4s 

13901 

23.65 

-0.414 

58NiAr+ 

c 

3d8  4s 

14688 

23.65 

-0.413 

59CoAr+ 

A 

3d7  4s 

13922 

23.81 

-0.415 

59CoAr+ 

C 

3d7  4s 

15432 

23.81 

-0.416 

59CoAr+ 

D 

3d8 

17368 

23.81 

-0.443 

59CoAr+ 

b 

3d8 

15759 

23.81 

-0.443 

90ZrAr+ 

d 

4d2  5s 

16762 

27.67 

-0.370 

9oZrAr+ 

e 

4d  5s2 

16865 

27.67 

-0.366 

93NbAr+ 

b 

4d4 

14026 

27.94 

-0.374 

93NbAr+ 

B 

4d3  5s 

13941 

27.94 

-0.374 

181TaAr+ 

C 

not  assigned 

16293 

32.73 

-0.320 
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In  order  to  combine  the  results  of  all  the  molecules  investigated  the  cube  of 
Eqn  (6-6)  is  examined: 


-kV  = 


a 


(128)  (1024)  NAh3  r(5/4)4 


n^q2c  f(3/4 


-59L217  (6.7 


a 


Eqn  (6-7)  gives  the  slope  of  a  plot  of  -K4  versus  u"2  as  a  function  of  a  and 
fundamental  constants  only,  where  K4  is  in  cm"1,  u  is  in  units  of  g/mol,  a  is  in 
units  of  A3,  q  is  in  esu,  h  is  in  erg-s,  c  is  in  cm/s,  and  NA  is  Avogadro's  number 
(Further  details  on  the  unit  analysis  are  provided  in  Appendix  B).  Figure  6-1 
shows  such  a  plot  for  the  experimentally  determined  -K4  values  versus  the 
inverse  square  of  the  reduced  mass  of  the  molecule  from  the  determined  limiting 
slopes  in  the  six  studied  molecular  ions.  This  plot,  according  to  Eqn  (6-7), 
should  have  a  slope  inversely  proportional  to  the  dipole  polarizability  of  argon 
and  an  intercept  of  zero.  The  solid  line  shows  a  least  squares  fit  to  such  a 
function  and  the  dotted  lines  bound  the  estimated  error  to  this  fit.  The  slope 
determined  from  this  graph  (Eqn  (6-7))  is  -39.9  ±  3  which  yields  an  effective 
value  of  a  =  1 .48  ±  0. 1 0  A3  for  the  polarizability  of  Argon. 


Discussion 


The  value  obtained  for  the  polarizability  volume  of  argon  in  this  study  is 
9%  lower  than  the  accepted  literature  value  1.662  ±  0.001  A3  for  the  static 
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Limiting  LB  Slopes  for  MAr+ 
Slope  =  -39.9  +  3 


0     0.0005  0.001  0.0015  0.002  0.0025  0.003 

p2  [(mol/g)2] 

•  5iv40Ar+  o58Ni40Ar+  A59Co40Ar+ 
x90Zr40Ar+    A93Nb40Ar+  B^Ta^Ar* 


Figure  6-1.  LeRoy-Bernstein  Limiting  Slopes  for  MAr+  Complexes. 


This  is  a  plot  for  the  experimentally  determined  -K4  values  versus  the  inverse 
square  of  the  reduced  mass  of  the  molecular  ion  from  the  limiting  slopes  of  the 
excited  states.  This  plot,  according  to  eqn  (6-7),  should  have  a  slope  inversely 
proportional  to  the  polarizability  of  argon  and  an  intercept  of  zero.  The  solid  line 
shows  a  least  squares  fit  to  such  a  function  and  the  dotted  lines  bound  the 
estimated  error  to  this  fit.  The  slope  determined  from  this  graph  is  -39.9  ±  3 
which  yields  a  value  of  the  dipole  polarizability  volume  of  Argon  of 
a  =  1.48  ±0.10  A3. 
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polarizability  volume  [2,  64,  65]  of  this  atom.  This  discrepancy  is  actually  outside 
the  estimated  error  limits  of  this  study  (±7%),  but  just  barely.  Is  there  any 
significance  to  this  discrepancy? 

Although  the  possibility  of  many-body  effects  as  a  cause  of  a  deviation  in 
the  dielectric  constant  from  a  pressure-independent  form  (Eqn  6-1)  exists,  as 
alluded  to  in  the  introduction,  the  effects  of  pressure  on  the  dielectric  constant  of 
the  rare  gases  are  well  studied  and  presumably  understood  [66].  Careful 
extrapolation  to  low  density,  which  is  clearly  possible  in  high  sensitivity 
measurements,  can  eliminate  the  unwanted  confusion  introduced  by  such 
phenomena.  The  literature  value  of  the  static  polarizability  from  ref  [64]  has 
been  determined  in  this  way  and  is  thus  taken  as  an  intrinsic  property  of  the 
isolated  atom. 

For  atoms  and  molecules  with  absorptions,  the  index  of  refraction, 
dielectric  constant,  and  polarizability  are  all  functions  of  frequency. 
Measurements  of  the  'static'  polarizability  are  not  done  with  static  electric  fields, 
but  with  RF  [64]  or  microwave  [65]  fields.  These  frequencies  are  much  lower 
than  any  resonance  frequencies  in  the  argon  atom  and  are  thus  considered  to  be 
varying  so  slowly  in  time  as  to  be  'static'.  The  vibrational  energy  level  structure 
near  dissociation  for  a  diatomic  ion  is  determined  by  the  charge  induced  dipole 
forces  at  the  outer  turning  point  of  the  potential  and  on  a  timescale  of  a 
vibrational  period.  Thus,  our  spectroscopic  technique  should  determine  the 
polarizability  of  argon  at  a  frequency  comparable  to  that  corresponding  to  the 
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diabatic  dissociation  energy  of  the  ion  complex,  typically  about  3000  cm"1  for  the 
ions  in  this  study. 

The  frequency  dependence  of  the  polarizability  has  several  distinct 
origins.  For  polar  species,  the  dielectric  constant  drops  as  the  frequency  of  the 
applied  electric  field  exceeds  the  reorientation  time  of  the  molecule.  But,  for 
argon,  no  permanent  moments  exist  to  be  reoriented,  so  no  such  drop  is 
expected  to  occur.  The  argon  atom  has  resonant  electronic  absorptions  in  the 
deep  UV.  The  Kramers  relations  [67]  describe  how  the  dielectric  constant  (and 
thus  the  molecular  polarizability)  is  affected  by  this  absorption.  Since  the 
characteristic  frequency  of  the  electric  polarization  in  this  experiment  is  well 
below  the  frequency  of  electronic  absorption,  the  dielectric  constant  and  thus  the 
polarizability  are  expected  to  increase  with  increasing  frequency.  This  is 
supported  by  the  measured  value  [68]  for  the  polarizability  of  Ar  at  an  optical 
wavelength  of  6328  A  (corresponding  to  a  frequency  of  -15  800  cm1)  of 
1 .663  A3,  an  increase  of  1 .3%  over  the  'static'  value.  An  effect  of  the 
characteristic  frequency  of  the  measurement  then  cannot  be  the  cause  for  the 
observed  9%  discrepancy. 

It  seems  from  the  above  discussion  that  neither  many-body  effects  nor 
frequency  dependence  can  explain  the  discrepancy  between  the  effective 
polarizability  of  argon  as  measured  from  the  spectroscopy  of  ion-argon 
complexes  and  bulk  determinations.  Yet,  the  spectroscopic  data  is  consistent 
with  the  predicted  trend  with  respect  to  reduced  mass  of  the  diatomic  complex 
(Fig.  6-1)  which  supports  the  validity  of  the  LeRoy-Bernstein  analysis  [14,  42]. 
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The  polarizability  of  argon  determined  in  this  study  is  found  to  be  an  'effective' 
value,  which  will  be  of  use  in  the  modelling  of  other  ion-argon  complexes.  But 
what  makes  it  just  an  effective  measure? 

In  both  the  optical  and  RF  measurements  of  the  polarizability,  the  applied 
electric  field  has  parallel  equipotential  surfaces  (plane  wave)  over  the 
dimensions  of  the  atom,  i.e.,  there  is  no  appreciable  electric  field  gradient.  In 
the  case  of  the  diatomic  ion  complex,  the  electric  field  lines  of  the  ion  radiate 
from  its  center  of  charge.  Even  at  the  highest  investigated  vibrational  levels,  the 
outer  turning  point  of  the  nuclear  motion  of  the  ion  complex  only  has  an 
internuclear  separation  of  about  8  A.  This  means  that  the  electric  field  the  argon 
experiences  within  the  molecule  has  a  significant  gradient  over  its  dimensions. 
This  asymmetry  of  the  electric  field  induces  higher  moments  in  the  charge 
distribution  of  the  argon  than  would  be  induced  by  the  field  within  an  infinite 
parallel-plate  capacitor  or  in  either  the  optical  or  RF  studies  referred  to  above.  It 
is  possible  that  the  induction  of  these  higher  moments  will  effectively  reduce  the 
polarizability  in  the  dipole  distortion,  which  is  consistent  with  observation. 

Summary 

The  vibrational  structure  of  ion-Argon  complexes  has  been  studied  by 
application  of  the  formalism  of  LeRoy  and  Bernstein.  The  effective  polarizability 
of  argon  obtained  from  these  diatomic  complex  ions  (  1 .48  ±  0.10  A3 )  is  very 
similar  to  (  1.49  ±  0.10  A3  [69])  a  previosly  determined  value  and  comparable  to, 
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but  smaller  than,  that  measured  by  more  conventional  methods.  This  reduction 
in  dipole  polarizability  within  the  complex  may  be  due  to  the  effect  of  the 
simultaneous  distortion  of  the  atom  into  higher  multipole  moments. 


CHAPTER  7 

PROBING  THE  IRON-LIGAND  STRETCHING  AND  BENDING  MODES  IN 
FeCO+ AND  FeC02+  COMPLEXES 


Evidence  of  Spin-Allowed  and  Spin-Forbidden  Transitions 

Complexes  of  metal  elements  are  found  in  numerous  biological  systems. 
This  chapter  focuses  on  the  spectroscopy  of  iron-ligated  complexes  because  of 
iron's  importance  to  all  living  organisms.  Proteins  such  as  myoglobin, 
hemoglobin,  cytochrome  and  enzymes  such  as  peroxidase  and  catalase  all  have 
iron  located  at  the  center  of  a  planar  porphyrin  system  [70].  However,  in  both 
myoglobin  and  hemoglobin  iron  is  in  the  +2  oxidation  state;  it  forms  four  a-bonds 
with  nitrogen  atoms  in  the  porphyrin  ring  which  leaves  two  ligands  to  account  for 
the  octahedral  complex.  The  fifth  ligand  is  provided  for  by  the  histidine  group 
(part  of  protein  chain)  and  in  the  absence  of  oxygen  the  sixth  ligand  is  a  water 
molecule.  A  number  of  ligands  e.g.  CO  and  NO  are  also  known  to  bind  to  Fe2+ 
ion.  CO  binds  more  strongly  than  02  by  =50  times  in  myoglobin  and  =  200  times 
in  hemoglobin  [70].  The  vibrational  assignment  of  the  FeCO  unit  of  CO-bound 
heme  proteins  has  been  made  possible  by  resonance  Raman  and  infrared 
spectroscopies  [71].  The  binding  energy  and  structural  properties  of  these  metal- 
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ligand  systems  are  crucial  in  understanding  how  the  protein  or  enzyme  functions, 
moreover,  experiments  and  theories  that  provide  this  information  are  not  trivial. 

Thus,  it  is  not  surprising  that  there  are  a  large  number  of  experimental 
[15-31,  71-78]  and  theoretical  [79-84]  investigations  on  electronic  and  bonding 
properties  of  metal-ligated  systems.  In  order  to  understand  properties  of 
macroscopic  complexes  containing  transition  metal  it  is  important  to  break  down 
the  system  to  a  small  unit  (for  example,  metal-ligand  or  binary  molecule)  where 
high-resolution  spectroscopic  techniques  are  available  and  experimental  data 
can  be  used  to  test  available  theories.  The  first  type  of  interaction  discussed 
here  will  be  bonding  in  (Fe*-CO).  The  binding  mechanism  of  Fe-CO  (where  iron 
is  either  neutral  or  charged)  is  not  based  purely  on  electrostatic  interaction  but  a 
covalent  a-bond  and  7i-back  donation  results  in  an  appreciable  double  bond 
characteristic  between  the  metal  and  carbon  monoxide  [78,  79,  80].  However, 
ab  initio  electronic  structure  theory  finds  that  the  binding  mechanism  is 
electrostatic  in  nature  with  no  more  than  10  %  a  ligand-to-metal  donations  and 
practically  no  rc-back  donation  in  the  binding  of  a  CO  ligand  to  early  transition 
metal  +1  ions,  Sc+,  Ti+,  V+  and  Cr+  [85]. 

For  the  second  example,  an  electrostatic  system  (Fe+»C02)  consisting 
primarily  of  a  charge-quadrupole  interaction  is  discussed.  C02  plays  a  vital  role 
in  the  carbon  fixation  cycle  which  forms  organic  molecules  from  reaction  with 
H20.  The  activation  of  carbon  dioxide  may  be  done  by  photochemical  (i.e. 
photosynthesis),  electrochemical  or  catalytic  process;  fixation  of  C02  on  the 
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metal  center  is  supposed  to  be  a  key  step  for  the  ultimate  reduction  of  C02  as 
discussed  in  this  review  article  [86]. 

Part  A:  Spin-Allowed  Transition  in  FeCO* 

Figure  7-1  shows  the  photodissociation  spectrum  of  S6FeCO+  in  the  region 
13  900  cm'1  to  18  100  cm"1.  The  isotopomer  of  this  molecular  ion  54FeCO+  was 
recorded  simultaneously  but  it  is  not  indicated  in  this  figure.  Only  the  FeCO+  - 
Fe+  +  CO  photofragmentation  pathway  is  observed  at  this  energy,  which  is  the 
reverse  process  for  complex  formation  in  the  molecular  ion  source.  The  labeling 
of  transitions  (tick  marks  above  the  spectrum)  corresponds  to  the  56Fe+-CO 
stretch  and  rock  quantum  numbers  (vs,  vr),  respectively.  Table  7-1  lists  the 
assigned  band  origins  in  the  a  -x  system.  They  are  analyzed  with  respect  to  a 
simple  formula  [87], 

v[A(Vs,Vr)-X(0.0)]    =   700+  W,V  WrV  XSSVs  +  XrrVr  , 

2  2 

+  x  v  v  +  y  v„v  +  y  vv, 

sr  s  r     J  ssr  s    r     s  srr  s  r 

where  T00  is  the  electronic  origin,  vs  and  vr  are  the  stretch  and  rock  upper  state 
vibrational  quantum  numbers,  respectively,  cor  and  cos  are  the  stretch  and  rock 
harmonic  frequencies,  xss,  xrr,  xsr  are  the  first-order  anharmonicity  frequencies 
and  yssr  and  ysrr  are  the  second-order  anharmonicity  constants.  The  fit  of 
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Figure  7-1 .  The  Resonant  Photodissociation  Spectrum  of  56FeCO+ 


The  vertical  axis  is  relative  56Fe+  photocurrent  resulting  from  the 
photofragmentation  of  the  isolated  isotopomer  56FeCO+  and  the  horizontal  axis 
is  the  dissociation  laser  frequency.  The  tick  marks  above  the  spectrum  indicate 
assigned  band  origins  and  dashed  lines  mark  grossly  perturbed  or  missing 
transitions. 


Table  7-1. 

Frequencies  of  Assigned  Transitions  in  FeCO+  and  FeC02+ 
Molecular  Ions  [cm1] 

reou 

(  FeCO  -   FeCO  ) 

v'r 

unserved 

Obs.-  Calc. 

Observed 

Calc.          Obs.-  Calc. 

0 

0 

14687.6 

-1.1 

0 

0.38  -0.38 

1 

0 

14999.3 

0.8 

-1.76 

-150  -0.26 

2 

0 

15305.1 

1.4 

-3.63 

-3.31  -0.31 

0 

0 

15605.7 

1.7 

-4.9 

-5.07  0.17 

4 

U 

15900.5 

1.0 

-6.28 

-6.77  0.49 

5 

0 

A  Ct  A  f\r\  A 

16190.1 

-0.2 

-8.33 

-8.41  0.08 

6 

0 

A       A  ~T  A  A 

16474.1 

-2.2 

-8.94 

-9.99  1.05 

-7 

7 

(J 

A  C7CC  "7 

16755.7 

a  n 

-1.8 

-11.1 

-11.5  0.40 

0 

0 

0 

17041.5 

7.5 

-13.0 

9 

0 

17301.5 

-4.1 

-13.1 

-14.4  1.30 

10 

0 

17570.8 

-1.8 

-14.5 

-15.7  1.20 

1 1 

0 

17836.0 

1.3 

-16.4 

-17.0  0.60 

0 

1 

14888.9 

-0.4 

1 

1 

15194.6 

-0.3 

2 

1 

15493.4 

-2.9 

4 

1 

16081.5 

-5.3 

5 

1 

16373.8 

-2.0 

6 

1 

16660.3 

-0.4 

7 

1 

16945.7 

4.3 

10 

17757.9 

-0.9 

1 

2 

15380.2 

3.5 

2 

2 

15671.4 

1.6 

56FeCCT 

v, 

v\ 

Observed 

Obs.-  Calc. 

3 

2 

15962.1 

2.7 

6 

2 

16805.2 

-1.9 
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Table  7-1 --continued. 

56FeCCT 


Observed 

Obs.-  Calc. 

7 

2 

17082.8 

0.0 

8 

2 

17356.8 

1.9 

0 

3 

15257.2 

-4.0 

1 

3 

15547.1 

3.0 

2 

3 

15825.0 

0.8 

4 

3 

16373.8 

-1.9 

5 

3 

16647.2 

0.0 

6 

3 

16915.4 

-0.5 

MFeC02* 

*l 

v. 

Observed 

Obs.-  Calc. 

0 

0 

14538.4 

2.8 

1 

0 

14713.4 

-0.5 

2 

0 

14885.7 

-1.2 

3 

0 

15053.1 

-1.3 

4 

0 

15215.7 

-1.0 

5 

0 

15374.8 

1.2 

0 

14639.3 

-1.8 

1 

14817.8 

-1.7 

2 

14993.7 

1.3 

3 

15163.4 

3.3 

5 

15478.0 

-1.2 
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observed  transitions  only  to  the  first-order  anharmonicity  resulted  in  larger 
residuals  (observed  -  calculated),  thus  fitting  of  the  experimental  data  to  second- 
order  anharmonicity  became  necessary.  Table  7-2  shows  these  spectroscopic 
constants  for  56FeCO+. 

FeCCT  molecular  ion  is  assumed  to  have  a  linear  geometry  (based  on 
theoretical  prediction  [79-84] )  thus  expected  to  have  3N-5  =  4  vibrational 
degrees  of  freedom.  However,  in  the  obtained  spectrum  only  cold  bands  are 
observed  with  two  vibrational  modes  active,  that  is  the  Fe+  -CO  stretch  and  Fe+ 
^CO  rock  or  angular  motion.  No  internal  ligand  stretching  modes  (CO  stretch) 
are  observed  in  this  study,  however,  Villalta  and  Leopold  [76]  have  measured  the 
CO  stretch  (1950  cm'1)  in  the  ground  state  (3I)  of  FeCO  in  the  gas  phase,  even 
though  their  value  is  less  than  that  of  a  "free"  molecule,  2  150  cm1  [88]. 

Figure  7-2  is  a  "close-up"  of  the  (0,0)  band  origin  of  the  a  state  in  the 
56FeCO+ system.  This  band  is  red-degraded  indicating  a  longer  bond  length  in  the 
excited  state  relative  to  the  ground  state.  A  simulated  contour  of  this  band  is 
consistent  with  a  linear  geometry  yielding  a  similar  bond  length  to  theory  of  1 .7  A 
[76]  between  Fe+  and  center  of  mass  of  CO. 

The  sharp  features  in  Fig.  7-1  represent  vibronic  bands  in  the  Fe+~CO 
stretching  mode  (  observed  in  the  interval  14  500  cm"1  to  18  000  cm"1  )  with  up  to 
three  quanta  of  angular  motion  ( relatively  smaller  intensities)  built  on  each 
stretching  mode.  In  Figure  7-3  the  assigned  bands  are  plotted  as  a  function  of 
the  excited  state  vibrational  stretching  quantum  number  (vs')  on  the  horizontal 
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axis.  The  tick  marks  above  the  spectrum  indicate  the  excited  state  quantum 
numbers  of  the  vibrational  indeces  of  both  the  stretching  (vs')  and  rocking  (v/) 
modes. 


Table  7-2.  Molecular  Constants  of  56FeCO+  and  5FeC02+  [cm1]. 


Spectroscopic 

56FeCO+ 

56FeCO+ 

56FeC02+ 

56FeC02+ 

Constants 

x-State 

A-State 

x-State 

a-State 

V00 

0 

14688.6 

0 

14535.5 

C0S 

- 

312.3 

- 

181.0 

C0r 

- 

205.6 

- 

105.5 

*ss 

-2.39 

-2.68 

*rr 

-4.91 

*sr 

-2.32 

Vssr 

0.32 

Ysrr 

-2.33 

ks(N.nr1)a 

107.0 

47.6 

Fe+  Config. 

3d7  ( 4F9/2 ) 

3d7(4P3/2) 

3d64s(6D9/2) 

3d7  ( 4P3/2 ) 

Atomic  Energy" 

1872.6 

13  673.21 

0 

13  673.21 

Oiabatic  limit 

13  090±500d 

10  200±  500 

3  920  +  500d 

3  050+  500 

D0*  (BS) 

13  090  +  500 

24  890+  500 

3  910  +  500 

17  590+500 

"Force  constant  of  the  Fe+-L  stretching  mode. 
bRef.  [10] 

cAdiabatic  limit  Birge-Sponer  approximation. 


dGround  state  binding  energy,  D0",  determined  from  [  D0"  =  D0*(BS)  -AEatomic  ] 
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FeCO+   Resonant  Photodissociation 


14678      14680      14682      14684      14686      14688  14690 

wavenumbers 


Figure  7-2.  The  Band  Origin  (0,0)  of  56FeCO+. 


Higher  resolution  of  the  A~X  origin  (0,0)  which  corresponds  to  (cos,cor)  in  56FeCO+. 
The  band  is  clearly  red-degraded  indicating  that  the  excited  state  (A)  is  less 
bound  than  the  ground  state  (X). 
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56 


FeCO+  A<— X  Band  System 


18000  -I 


i-  14500  +  1  1  1  1  1  1  ■  i  1  1  1 

01        23456789       10  11 

Vibrational  quantum  number  (v*) 


Figure  7-3.  The  Assigned  Transitions  of  the  A-X  Progression  in  56FeCO+. 


The  symbols  (triangles)  are  observed  transitions  and  the  curves  are  the  least- 
squares  fit  of  Eq.1  to  assigned  band  origins.  Numbers  in  circles  indicate  the 
rock  quantum  number  built  on  the  vibrations.  The  horizontal  axis  is  absolute 
vibrational  quantum  number  and  the  vertical  axis  is  the  transition  frequency. 
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The  intensity  of  these  transitions  suggests  that  the  probed  transition  a  3d7 
(4P)  -3d7  (4F  )  x  in  the  FeCO+  system  is  spin-allowed  compared  to  the 
FeC02*  photodissociation  spectrum  which  results  from  a  spin-forbidden  transition 
3d7  (4P)  a  -3d6  4s  (6D  )  x  [Part  B];  since  only  a  fifth  of  the  FeCCT  molecular  ion 

(relative  to  FeC02+  ion)  was  made  in  the  molecular  beam  source.  Fig.  7-3 
shows  the  fit  of  observed  transitions  to  the  predicted  line  positions  by  Eq.  7-1 
with  vr  =  3  as  the  highest  assigned  rock  quantum  number.  The  residuals 
(observed-calculated),  to  this  fit  are  listed  in  Table  7-1.  Measured  isotope  shift 
between  the  molecular  ions  56FeCO+  and  54FeCO+  are  used  to  assign  the  true 
vibrational  quantum  number  of  the  a  state. 

Assuming  that  Fe+-CO  is  a  pseudo-diatomic  molecular  ion  Eqn.  4-2  was 
used  to  predict  the  isotope  shift  (56FeCO+  -  54FeCO+)  which  is  in  accord  with 
experimental  results.  Assigning  the  first  observed  band  of  the  A -x  progression 
as  the  electron  origin  (0,0)  shown  in  Figure  7-4  gives  the  best  agreement. 
Dissociation  Energies 

Very  sharp  transitions  are  observed,  shown  in  Fig. 7-1,  and  are  believed  to 
originate  from  a  parity  forbidden,  spin-allowed  transition  centered  on  the  iron 

cation:  3d7  (4P)  a  -3d7  (4F  )  x.  The  atomic  states  from  which  the  a  and  x  states 

originate  are  indicated  with  asterisks  in  Figure  7-5.  However,  this  transition  does 
not  originate  from  an  excited  state  as  maybe  suggested  by  Fig.  7-5.  The 
promotion  energy  of  1872.6  cm"1  [9]  from  a  6D  (3d6  4s)  to  4F  (3d7)  in  the  atomic 
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ion  is  smaller  than  the  gain  in  the  stability  of  the  molecular  ion  formed  from  a  3d7 
configuration:  however,  it  is  possible  for  FeCCT  to  bond  from  6D  (3d6  4s)  ground 
state,  shown  in  Figure  7-6.  For  this  configuration,  the  occupied  4s  orbital  will 
yield  a  larger  Fe+-CO  repulsion  than  in  the  state  derived  from  a  3d7  configuration 
and  the  n-back  bonding  will  be  weaker  for  the  state  with  an  occupied  s-orbital  as 
there  are  only  three  3d;r  electrons  for  donation  to  the  CO  n*  orbital.  FeAr+  and 
FeH20+  have  ground  states  derived  from  6D  (3d6  4s)  asymptote  of  Fe+  since  Ar 
and  H20  have  smaller  repulsion  with  Fe+  ion  compared  with  CO  [89].  The 
ground  state  term  symbol  ( 4I" )  for  FeCO+,  predicted  by  theory  [78,79],  is  derived 
from  a  3d7  (4F  )  atomic  configuration. 

The  derived  binding  energy  (D0')  of  the  a  state  is  10  200  cm"1  from  a  Birge- 

Sponer  approximation,  (  D0'  =  coss2/4xss )  which  normally  yields  a  lower  limit  to  the 

true  binding  energy  of  the  studied  molecular  ions.  The  summation  of  D0'  to  the 
electronic  origin,  v00 ,  yields  a  Birge-Sponer  dissociation  limit  [D0*  (BS)]  of  the  a 
state  shown  in  Table  7-2.  The  only  possible  spin  allowed  transition  in  the 
investigated  region,  13  900  cm1  to  18  100  cm*1,  is  3d7  (4P)  a  -3d7  (4F  )  x  which 

has  been  assigned  for  the  observed  progression,  see  Figure  7-5.  There  are 
three  possible  choices  of  atomic  lines  for  the  4P  manifold,  however,  experimental 
data  obtained  here  does  not  provide  adequate  information  for  determining  the 
exact  4P  manifold  from  which  the  A  state  originates,  thus  the  middle  is  picked  as 
a  reasonable  guess  which  introduces  an  error  in  the  determined  binding  energy 
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FeV- *C0  Isotope  Shift 

(56FeCO+  -54FeCO+) 


_25  -I — i — i — i — \ — i — i — i — i — i — i — i — i — ' — i — ■• — i — 1 — 1 — 1    1    1   1   1  1 
01      23456789     10    11  12 
Vibrational  quantum  number  (v'+1/2) 


Figure  7-4.  Observed  and  Calculated  Isotope  Shift  of  FeCO+. 


A  fit  of  observed  isotope  shift  (56FeCO+  -  54FeCO+)  to  Eq.4-2.  Symbols  represent 
experimental  data  points  and  curves  are  calculated.  The  vibrational  quantum 
numbers  (v')  in  circles  are  the  predicted  assignments  for  the  lowest  observed 
band.  The  agreement  (thick  solid  curve)  indicates  that  the  first  assigned  band  is 
the  electronic  origin,  (0,0). 
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Figure  7-5.  The  Low-Lying  Atomic  States  of  Fe+  [9]. 


Asterisks  indicate  atomic  states  from  which  the  probed  states  originate.  The 
observed  transition  for  the  A-  x  system  of  FeCO+  originate  from  a 
parity-forbidden  spin-allowed  excitation  centered  on  iron  cation:  3d7  (4P)  A  -  3d7 
(4F)  x.  For  the  FeC02+ system  the  observed  transition  arises  from  a  spin- 
forbidden  excitation,  3d7  (4P)  a  -  3d6 4s  ( 6D )  x  . 
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Simplified  illustration  of  the  molecular  orbitals  in  FeCO+ 


Fe  atom 


FeCtf 


CO  molecule 


Figure  7-6.  Simplified  Molecular  Orbital  in  FeCO+. 


The  figure  shows  the  'stability'  gained  by  the  FeCO+  molecular  ion,  corresponding  to  a 
3d7  electron  configuration  in  the  Fe+  ion  to  be  better  than  that  from  a  molecular  ion 
(FeCO+ )  originating  from  a  3d64s  configuration.  Thus  the  ,  A  -  x  ,  transition  probed  in 
FeCO+  is  believed  to  originate  from  a  4F  manifold  centered  on  the  Fe+  atomic  ion. 
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of  ±  250  cm"1.  This  error  combined  with  that  arising  from  a  Birge-Sponer 
approximation  =250  cm  1  yields  binding  energy  values  with  an  uncertainty  of  + 
500  cm"1  as  indicated  in  Table  7-2. 

The  binding  energy  of  the  ground  state  is  then  determined  from  the 
difference  of  the  dissociation  limit  and  the  atomic  promotion  energy  at  the 
diabatic  limit.  This  promotion  energy  is  the  difference  between  4P  and  4F  atomic 
lines  or  1 1  800.6  cm1  [9].  Thus  the  ground  state  adiabatic  binding  energy  of 
FeCO+  is,  D0"  =  [(v00  +  D0')  -  AEatomJ  or  [(14  688.6  cm"1  +  10  200  cm1)  -  1 1  800.6 
cm'1  ]  =  13  088  ±500  cm'1. 

Trends  in  FeCO*.  FeCO'  and  FeCO  Binding  Energies 

The  dissociation  energies,  D0"  and  D0',  of  FeCO+,  FeCO'  and  FeCO 
determined  both  from  experiment  and  theory  are  presented  in  Table  7-3. 
Experiment  and  theory  agree  that,  FeCO+>  FeCO"  >  FeCO,  however,  the  error 
in  the  absolute  value  of  the  calculated  binding  energy  compared  to  the  measured 
one  varies.  In  all  three  systems  the  a-donation  and  7t-back  bonding  charge 
transfer  bonding  mechanism  is  operative,  illustrated  in  Fig.  7-7  for  FeCO+  [78]. 

FeCO+  is  the  most  bound  because  of  additional  electrostatic  forces, 
charge  (Fe+)-dipole  (CO)  and  charge-quadrupole  interactions  {calculated  in  Part 
B}.   It  is  interesting  to  note  that  the  calculation  by  Ricca  et  al.  [82]  yields  lower 
binding  energy  values  for  FeCO  and  FeCO+  relative  to  experimental  results, 
Table  7-3.  The  calculated  percentage  error  for  FeCO+  complex  [(observed  - 


Table  7-3.  Spectroscopic  Properties  of  Iron-Carbonyl  Systems  [cm1] 


Ground  otate 
[Ref#] 

Feco 
[72,  76] 

56  r— _  f»  /"» - 

[73,  76] 

56Corn* 
[  this  work  ] 

Iron  Config. 

3d7  4s,  3F4 

3d7  4s2, 4F9/2 

3d7, 4F9/2 

Atomic  Energy 

1 1  976.26 

Fe? 

1872.60 

Term  Symbol 

x  3r 

x  4I" 

x  4r 

BDE  (Expt) 

8  290  ±  2  450 

1 1  790  +  1  250 

13  090  ±500 

BDE  (DFT)a 

(4  652) 

- 

(10  840) 

BDE  (NL-Sph)b 

(14  340) 

(16  438) 

(20  635) 

lron<  -CO  (Expt) 

530  +  10 

465  +  10 

- 

lron<  »C0  (DFT)a 

(455) 

(423) 

lron<  >CO  (NL)b 
lron<-CO  (LSDA)6 

(658) 
(672) 

(566) 
(555) 

(547) 

Iron^CO  (Expt) 

330  ±  50 

230  ±40 

Iron^CO  (DFT)a 

(316) 

(319) 

Iron^CO  (NL)b 

(368) 

(272) 

- 

Excited  State 
[Ref.#] 

56FeCO 
[76] 

56FeCO 
Tno  datal 

56FeCO+ 
[  this  work  ] 

Iron  Config. 

3d7  4s,  5F5 

3d7  ,  4P3/2 

Atomic  Energy 

6928.28 

— 

13  623.21 

1 1; f  f  1 1  oy f i iuui 

d 

BDE 

(3  777) 

10  200  +  500 

voo 

1  135  +  25 

14  688.6 

Iron^CO 

(410) 
460  +  15 

312.3 

Iron^CO 

(61) 
180  ±60 

205 

All  values  in  parenthesis  are  theoretical  predictions.  aRef.  [80]  DRef.  [78] 
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Bonding  orbitals  in  Fe+-CO 


A.  o-bond  B.  7T-bond 


Figure  7-7.  Schematic  representation  of  the  bonding  orbitals  in  FeCO\ 


Panel  A  shows  the  formation  of  a  a-bond  between  CO  and  Fe+.  The  carbon  atom 
in  CO  is  sp-hybridized.  One  of  the  hybrid  orbitals  containing  the  lone-pair 
electrons  overlaps  with  the  dz2  orbital  of  iron  to  form  a  a-bond.  Panel  B  indicates 
the  formation  of  a  n-bond.  Back  donation  of  electron  density  from  the  d^  orbital 
of  Fe'to  an  empty  tt*  orbital  on  CO. 
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calculated)  /  observed]  =  17.2  %  is  in  accord  with  previous  observations  of 
various  metal  cation-rare  gas  complexes  [chapters  4  and  5].  However,  for  FeCO 
a  much  larger  calculated  error  is  found  ■  44  %  this  could  also  be  attributed  to  the 
much  higher  uncertainty  (±  30%)  in  the  measured  experimental  value  [72] 
whereas  =  4  %  experimental  error  is  indicated  for  FeCO+,  Table  7-3.  The 
adiabatic  energy  of  FeCO+  (13  090  ±  500  cm"1)  determined  via  high  resolution 
photodissociation  spectroscopy  is  in  good  agreement  with  that  measured  using 
collision-induced  dissociation  (12  820  +  650  cm1  [75]). 

For  FeCO  complex,  the  ground  state  originating  from  a  5D  (3d6  4s2)  on 
the  atom  is  repulsive.  Theory  [78,  82]  and  experiment  [76]  agree  that  the  ground 
state  term  symbol  for  FeCO  is  3r  with  5r  being  the  first  excited  state.  Despite 
the  larger  promotion  energy  of  1 1  976  cm"1  [10]  for  3F  (3d74s)  -  5D  (3d6  4s2) 
excitation  compared  to  only  6  928  cm"1[10]  5F  (3d7  4s)  -  5D  (3d6  4s2)  the  gain  in 
the  stabilization  of  the  molecule  derived  from  a  (3F)  3d7  4s  atomic  asymptote 
compensates  best  for  the  cost  of  the  excitation  energy.  The  study  of  FeCO  and 
FeCO"  via  negative  ion  spectroscopy  yield  3I"  for  FeCO  and  for  4I"  FeCO' 
ground  states  and  5ras  the  first  FeCO  complex  excited  state,  1  135  +  25  cm"1 
higher  in  energy  relative  to  the  3S"  state  [76].  From  theoretical  predictions 
different  models  favor  the  assignment  of  3I"  as  the  ground  state  [78,  80]. 

Since  the  lowest  state  of  FeCO  complex  has  an  occupied  4s  orbital  (Fe, 
3d74s)  which  increases  the  repulsions  along  the  bonding  axis  it  is  less  bound 
compared  to  that  of  FeCO+  with  no  4s-orbital  occupation  (Fe+,  3d7).  The  fully 
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promoted  (Fe  3d8 )  states  are  at  least  4  eV  [9]  higher  in  energy  than  the  ground 
state  (  Fe  3d7  4s),  thus  for  FeCO  molecular  ion  promoting  an  s  electron  to  a  d- 
orbital  will  not  be  energetically  favorable. 

The  binding  energy  of  FeCO"(1 1  790  cm"1  [73])is  intermediate  to  FeCO+ 
and  FeCO  because:  a)  the  FeCO+  molecular  ion  is  the  most  bound  as  a  result  of 
additional  electrostatic  forces;  b)  FeCO  in  the  ground  state  pays  a  high  cost  for 
the  promotion  energy  =1 .5  eV  [9]  from  (Fe  3d6  4s2)  to  (Fe  3d7  4s)  electron 
configuration.  All  three  molecular  ions  FeCO+,  FeCO"  and  FeCO  have  a-bond 
and  rc-back  bonding  present,  however,  the  trend  for  the  M-CO  rc-back  bonding 
character  is  FeCO"  >  FeCO  >  FeCO+.  Despite  the  3d74s2  electron  configuration  in 
the  ground  state  of  FeCO'  this  molecular  ion  is  strongly  bound  because  of  the 
ease  with  which  the  Fe  can  donate  its  3d  electron  density  to  the  empty 
antibonding  n*  orbital  in  CO.  This  effect  produces  a  stronger  M-CO 
7i-  back  bond  in  the  anion  which  can  offset  its  extra  a-repulsion  [78].  Fe+  ion  in 
FeCO+  has  the  least  7t-back  bonding  character  because  of  the  high  energetic 
cost  of  donating  electron  density  from  Fe+due  to  its  high  second  ionization 
potential  16.18  eV  [1].  The  3d  electron  detachment  of  Fe"  (0.151  eV)  [78] 
compared  to  that  of  3F  and  5F  of  Fe  (7.40  eV  and  7.04  eV)  [9]  favor  a  stronger  p- 
back  bond  formation  for  FeCO"  ion. 
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Part  B:  Spin-Forbidden  Transition  in  FeCCX* 


Figure  7-8  shows  the  photodissociation  spectrum  of  56FeC02+  in  the 
region  14  000  cm1  to  16  200  cm"1.  Only  the  FeC02+  -  Fe+  +  C02 
photofragmentation  pathway  is  observed  at  this  energy,  which  is  the  reverse 
process  for  complex  formation  in  the  molecular  ion  source.  The  second  possible 
pathway  FeC02+  -  FeO+  +  CO  was  not  observed  in  the  probed  region.  Similar 
data  analysis  discussed  in  Part  A  were  performed  for  the  FeC02+  system  and 
line  positions  of  assigned  band  origins  are  listed  in  Table  7-1.  Molecular 
spectroscopic  constants  are  provided  for  in  Table  7-2. 
Comparison  of  FeCQ2*  to  FeCO*  Photodissociation  Spectra 

The  observed  peaks  in  the  FeC02+  system,  Figure  7-7  are  weak 
indicative  of  a  spin-forbidden  transition  {3d7  (4P)  i  -3d6  4s  (6D  )  x }  whereas  the 
FeCO+  bands,  Figure  7-1  are  much  more  intense  characteristic  of  a  spin-allowed 
transition  {3d7  (4P)  a  -  3d7  (4F  )  x}.  The  possibility  of  probing  the  same  or 
analogous  transition  in  both  molecular  ions  is  ruled  out  given  that  the 
synthesized  FeC02+  molecular  ion  in  the  plasma  source  was  five  times  that  of 
FeCO+,  yet  the  FeC02+  photodissociation  spectrum  exhibited  much  less  signal, 
Fe+  photocurrent.  Up  to  twelve  excited  vibrational  stretching  frequencies  were 
observed  in  the  FeCO+  system  whereas  only  six  bands  in  FeC02+.  The 
assignment  in  the  quantum  number  of  rock  (  or  angular  motion  of  the  ligand  with 
respect  to  the  metal  cation)  was  only  up  to  the  first  quantum  built  on  a  stretching 
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mode  for  FeC02+  compared  to  up  to  three  quanta  of  rock  in  the  FeCO+  ion. 
Rinding  Energies 

The  binding  energy  of  FeC02+  is  determined  in  a  very  similar  manner  as 
that  of  FeCO+.  The  excited  state  diabatic  limit,  D0\  is  simply  estimated  from 
Birge-Sponer  approximation  (  D0'  -  coss2/4xss )  as  3  050  ±  500  cm"1  whereas  the 
ground  state  binding  energy,  D0",  is  determined  from  the  difference  between  the 
dissociation  limit  of  the  i  state  derived  from  Birge-Sponer  approximation, 
D0*(BS)  or  (v00  +  D0')  and  the  atomic  energy  separation,  AEAtomic :  [(v00  +  D0')  - 
AEAtomJ  =  [(14  535.5  cm"1  -  13  673.21  cm"1)  -  13  672.21  cm1]  =  3  920  ±  500  cm"1. 
These  binding  energy  values  are  expected  to  yield  a  lower  limit  to  the  true 
binding  energy  [as  discussed  in  Chapters  4  and  5  for  M+»(Rg)  complexes] 
because  of  an  improper  asymptotic  behavior  of  the  Morse  potential  applied  to  a 
transition  metal  cation-ligand  binary  ion.  Thus  the  reported  adiabatic  binding 
energy  of  2  800  cm"1  [90]  for  FeC02+  is  unexpectedly  much  too  small. 
Trends  in  lyT-CCX  Binding  Energies 

Molecular  constants  for  six  metal  cation  systems  complexed  with  carbon 
dioxide  are  given  in  Table  7-4.  For  group  II  systems  the  expected  trend  in  the 
ground  state  binding  energies  is  observed  with  Ca+»C02  [91]  being  less  bound 
than  Mg+»C02  [92]  because  of  increased  radial  size  of  the  metal  atomic  ion,  4s 
versus  3s  occupation.  However,  the  binding  energy  of  669  cm"1  for  Ca+*C02  is 
extremely  low,  Scurlock  et  al.  [91]  indicate  that  further  investigations  in  this 
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FeC02+    Resonant  Photodissociation 

a  < — X  


14000        14400        14800        15200        15600  16000 

wavenumbers 


Figure  7-8.  56FeC02+  Photodissociation  Spectrum. 


Tick  marks  above  the  spectrum  indicate  assigned  transitions  with  the  dashed  line 
showing  a  perturbed  band.  The  horizontal  axis  is  the  dissociation  laser  frequency 
and  the  vertical  axis  is  relative  56Fe+  photocurrent  resulting  from  the 
photofragmentation  of  the  mass-selected  molecular  ion,  56FeCCy. 
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surprising  result  are  needed.  However,  the  trends  and  absolute  values  of  the 
stretching  frequencies  determined  for  these  molecular  ions  are  reasonable  with 
=380  cm  1  for  Mg+~C02  and  -250  cm"1  Ca+~C02. 

The  observed  trends  in  the  ground  state  binding  energy  of  transition  metal 
containing  systems  are  increasing  in  the  series:  Fe+«C02  [this  work]  <  V+»C02 
[93]  <  Co+»C02  [17]  <  Ni+»C02  [94].  The  electron  configuration  of  the  metal  ion  in 
the  complex  determines  its  radial  size  which  is  inversely  proportional  to  the 
binding  energy.  The  \T*C02 ,  Co+'C02  and  Ni+-C02  complexes  have  no  occupied 
s-orbital  occupation  in  the  IvT  configuration  thus  higher  binding  energies  than 
Fe+»C02  molecular  ion  with  3d6  4s  occupation  are  observed.  The  d-orbital 
contraction  increases  as  a  function  of  the  atomic  number  of  the  metal  ion  and 
this  correlates  with  the  binding  energy,  that  is,  Ni+«C02with  d9  occupation  in  its 
ground  state  is  more  bound  than  Co+«C02  with  d8  occupation  and  V+-C02  with  a 
d4  electron  configuration  on  the  metal  cation  is  least  bound.  The  observed  trend 
can  be  explained  by  the  fact  that  it  is  easier  for  the  C02  ligand  to  get  closer  to  a 
M+  ion  with  dn  occupation  relative  to  dns  occupation  because  of  favorable  radial 
distance. 

The  stretching  frequencies  in  V+-C02  [95],  Fe+»C02  [this  work]  and 
Co+'C02  [17  ]  are  quite  similar  196  cm"1,  181  cm"1  and  188  cm"1  ,  respectively. 
The  photodissociation  spectrum  of  Ni+»C02  appeared  too  congested  thus  could 
not  be  analyzed  for  vibrational  information.  However,  the  rocking  frequencies  of 
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V+»C02and  Fe+«C02  are  both  105  cm"1,  much  greater  than  the  65  cm  1  found  in 
Co+*C02.  This  difference  may  be  explained  by  geometry  arguments  that  both 
V+«C02and  Fe+*C02  molecular  ions  have  a  non-linear  structures  since 
experiment  has  indicated  a  linear  geometry  for  the  ground  state  of  Co+*C02. 
Flectrostatic  Bonding  of  CO:  and  CO  to  a  Transition  Metal  Cation 

The  binding  energy  of  various  neutral  ligands  to  a  transition  metal  cation 
(TM+)  have  been  measured  via  high  resolution  photodissociation  spectroscopy.  It 
is  important  to  determine  how  closely  the  models  predict  experimental 
observations.  For  transition  metal  cations  complexed  with  rare  gas  the  primary 
attractive  force  is  charge-induced-dipole  and  has  been  shown  to  account  for 
=60  %  of  the  overall  binding  energy  (Chapters  5  and  6).  When  dealing  with  a 
ligand  with  a  dipole  or  quadrupole  moment  then  the  equations  that  represent  the 
intermolecular  interactions  can  be  applied  to  the  system  to  predict  a  binding 
energy  value.  All  these  electrostatic  energy  contribution  calculations  require 
knowledge  of  the  bond  distance  between  a  point  charge  (TM+)  and  the  ligand 
which  are  not  always  available  from  experiment,  however,  theoretical  predictions 
of  the  bond  length  can  be  used  as  best  estimates. 

Assuming  a  linear  geometry  (see  Part  A)  for  FeCO+  then  the  significant 
interaction  energy  between  Fe+  and  CO  along  the  internuclear  axis,  is  charge- 
dipole,  given  by  [12]: 

V  =   —Cosd  (7-2) 
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where  n,  is  the  dipole  moment  of  CO  (0.1 12  D  [96]),  q2  is  +1  point  charge  on  Fe+ 
or  4.8024x1 0"10  esu  and  r  is  the  internuclear  distance  between  the  center  of 
mass  of  CO  and  Fe+  ion  (1 .7  A  [79]).  Using  the  given  values  the  calculated 
charge  dipole  contribution  for  Fe+-CO  is  only  940  cm"1.  In  addition,  charge- 
quadrupole  contributions  are  also  present  and  can  be  calculated  using  the 
following  formula  [12]: 

V  =  -i-i (3cos20-l)  (7-3) 
4r3 

where  Q,  is  the  quadrupole  moment  of  CO  (-2.5x1 0"26  esu.cm2  [96]),  q2  is  again 
the  +1  charge  on  the  metal  and  r  the  internuclear  separation  as  in  Equation  7-2. 
Evaluating  Equation  7-3  yields  6  146  cm1  for  the  charge-quadrupole  contribution, 
which  when  combined  with  940  cm*1  (charge-dipole  contribution)  accounts  for 
approximately  half  the  experimental  value  of  13  090  +  500  cm*1  for  FeCO+.  The 
balance  is  believed  to  be  attributed  to  the  formation  of  both  the  a-  and  n-bonds. 
Theoretical  predictions  by  Ricca  et  al.  [82]  underestimate  the  binding  energy  of 
FeCO+  (  10  840  cm"1)  by  =17  %. 

Since  the  data  presented  here  seem  to  favor  a  non-linear  geometry  for 
the  FeC02+ molecular  ion,  similar  calculations  as  done  above  for  FeCO+  would 
be  more  involved  since  the  angle  and  bond  length  need  to  be  known  and  has  not 
yet  been  calculated  or  measured.  However,  the  charge-dipole  contribution  is 
trivial  (zero)  since  C02  has  no  dipole  moment.  If  a  linear  geometry  is  assumed 
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then  the  charge-quadrupole  attraction  force  contributes  6  320  cm"1  when  a  bond 
length  of  2.018  A  [97]  and  a  quadrupole  moment  of  -4.3x1 0"26  esu.  cm2  [96]  for 
C02  are  used.  This  value  overestimates  the  true  binding  energy  by  almost  a 
factor  of  two.  This  large  error  could  be  due  to  a  number  of  uncertainties  a) 
incorrect  predicted  bond  length  b)  unknown  geometry  and  c)  error  in  the 
measured  value  since  the  presented  value  yields  a  lower  limit. 

Table  7-5  shows  an  improvement  in  theory.  Comparisons  between 
calculated  and  experiment  values  show  good  agreement  to  within  10  %  with  the 
exception  of  FeC02+  since  Fe+  by  its  nature  [9]  is  a  harder  transition  metal  to 
model. 


Table  7-5.  Ground  State  Binding  Energies,  D0"  (kcal/mol) 


System 
(Term  Symbol)" 

Config." 

D0"  (Expt) 

D0"  (Calc)b 

%  Error  in 
Calc.  # 

VC02+  (5I+) 

3d4 

17.3C 

18.2 

-5.2 

FeC02+  (6A) 

3d64s1 

11.2 

16.1 

-44 

CoC02+  (3A) 

3d8 

19.9 

21.3 

-7.0 

NiC02+  (2S) 

3d9 

24.9 

24.2 

2.8 

Calculated  %  error  =  (observed  -  calculated)  /  (observed)*100 
aMetal  cation  atomic  configuration  in  separated  atom  limit. 
b[97] 
c[91] 


Data  presented  in  this  chapter  has  provided  information  for  distinguishing 
between  a  parity-forbidden  spin-allowed  transition  (FeCO+,  Part  A)  and  a  spin- 


forbidden  transition  (FeC02+,  Part  B).  Comparisons  between  similar  systems 
provided  trends  that  were  supported  by  both  experiment  and  theory,  even 
though,  the  absolute  values  are  still  not  identical. 


CHAPTER  8 
TWO-COLOR  EXPERIMENTS 

One  of  the  ways  that  transition  metals  have  found  economic  importance  is 
in  their  ability  to  act  as  catalysts.  The  nature  of  this  important  and  varied 
catalytic  activity  is  not  fundamentally  understood.  However,  it  is  not 
unreasonable  to  speculate  that  the  transition  metal  chemistry  is  dependent  on 
low-lying  excited  electronic  states  of  irregular  features  of  the  catalytic  surface. 
The  complexity  and  inhomogeneity  of  real  catalytic  surfaces  have  made  direct 
high  resolution  studies  difficult.  One  possible  solution  to  this  problem  has  been 
to  cut  down  the  size  of  the  system.  We  have  chosen  to  study  the  bonding 
between  pairs  of  transition  metal  atoms,  isolated  in  the  gas  phase  and 
possessing  an  overall  positive  charge.  The  purpose  of  this  chapter  is  to 
disseminate  recent  results  of  ongoing  high-resolution  optical  studies  of  the  nickel 
dimer  cation,  whose  structure  and  spectroscopy  has  been  of  interest  to  the 
Brucat  laboratory  for  some  time. 

The  bonding  that  takes  place  in  a  transition  metal  dimer  is  not 
trivial  because  of  the  high  angular  momentum  and  great  number  of  low-lying 
atomic  states  of  the  open  d-shell  atoms  from  which  they  are  composed.  The 
spectroscopy  of  neutral  dimer  molecules  [98]  demonstrates  this  feature.  Neutral 
dimer  systems  have  been  addressed  both  theoretically  and  experimentally,  and 
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the  wealth  of  data  for  these  species  is  much  greater  than  that  of  ionic  systems. 
The  comparison  of  the  electronic  structure  of  different  charge  states  of  these 
molecules  is  one  of  the  goals  of  this  research. 

The  bond  dissociation  energy  of  transition  metal  diatomics  is  one  of  the 
first  properties  to  become  quantified  experimentally  to  useful  precision. 
Comparisons  of  neutral  and  cation  bond  strength  show  interesting  behavior.  For 
instance,  the  bond  strength  of  Cu2  (2.03  eV,  [99])  is  greater  than  that  of  Cu2+ 
(1.84  eV,  [100])  which  is  indicative  of  the  exclusively  so  type  bonding  in  these 
species.  Another  late  transition  metal  homonuclear  diatomic  shows  the  opposite 
behavior,  however,  the  bond  strength  of  Ni2  (and  2.04  eV,  [101])  is  less  than 
that  of  Ni2+  (2.32  eV,  [102]). 

Ligand  field  theory  has  been  applied  to  the  manifold  of  low-lying  electronic 
states  of  Ni2  and  NiCu  [103]  and  shows  good  agreement  with  both  ab  initio 
quantum  theory  [104-5]  and  experiment  [101].  Hopefully,  enough  data  pertaining 
to  the  low-lying  electronic  states  of  dimer  cation  systems  will  be  generated  so 
that  a  similar  ligand  field  approach  may  be  tested  for  these  species. 

In  this  chapter  two  examples  of  diatomic  ions  ( i.e.  Ni2+  and  CrFe+)  will  be 
discussed.  In  part  A,  the  vibrational  assignment  of  five  excited  electronic  states 
of  Ni2+  and  their  spectroscopic  constants  are  presented.  In  addition,  a  refined 
estimation  of  the  ground  state  vibrational  frequency,  u>e",  as  270  ±  25  cm"1  is 
also  presented.  In  Part  B,  an  example  of  a  heteronuclear  diatomic  ion,  CrFe+,  is 
discussed.  The  binding  energy  determined  via  two-color  experiment  is 
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presented.  Two  pathways  for  the  photofragmentation  of  CrFe+  are  observed  and 
discussed. 

Two-Color  Experiment  Technique 

Details  of  experimental  procedures  have  been  presented  before  [chapter 
2,  106].  Briefly,  a  Ni  rod  is  laser  ablated  inside  a  high  pressure  flow  of  helium 
gas.  Collisional  cooling  in  the  resulting  plasma  during  a  supersonic  expansion  of 
this  flow  initiates  the  formation  of  various  cluster  ions  and  neutrals  in  the 
resulting  molecular  beam.  The  adiabatic  expansion  ensures  significant 
vibrational  and  rotational  cooling  of  the  molecular  ions.  Spectroscopic  results 
indicate  a  strict  upper  bound  for  the  vibrational  temperature  of  the  nickel  dimer 
cations  at  60K  and  an  upper  limit  for  the  rotational  temperatures  of  around  5K 
[107].  The  ion  beam  is  studied  inside  a  customized  tandem  TOF  mass 
spectrometer.  The  positive  ion  ensemble  entering  the  TOF  tube  is  accelerated 
to  a  kinetic  energy  of  1450  eV.  During  the  flight  down  the  2.45  m  tube,  the  ions 
encounter  focusing  and  deflecting  optics,  ensuring  a  maximum  ion  transmission 
through  the  apparatus.  Electrostatic  energy  dispersion  of  the  ions  following 
photoexcitation  allows  for  the  determination  of  the  fragmentation  yield  of  any 
given  parent  ion,  in  this  case  the  isotopes  of  Ni2\  The  optical  spectra  of  the 
mass  selected  isotopomers  are  obtained  simultaneously  (but  separately). 
Photoexcitation  is  accomplished  with  the  visible  light  of  two  Nd3+:YAG  pumped 
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dye-lasers.  The  first  laser  pulse  of  lower  power  =5  mJ/cm2  (excitation)  serves  to 
prepare  an  excited  vibronic  level  of  the  molecule.  The  dissociation  of  the 
photoexcited  ion  is  accomplished  by  a  second  laser  pulse  of  higher  energy  and 
fixed  frequency.  For  this  study  a  frequency  non-resonant  with  the  parent  ion  of 
v=  1 6290  cm"1  was  chosen  with  a  pulse  energy  of  23  mJ/cm2.  A  time  delay 
between  the  excitation  and  dissociation  pulse  of  300  ns  was  employed.  This 
delay  time  is  shorter  than  the  5-10  ps  lifetime  of  the  excited  state  ions  [107]. 
Similar  experimental  procedures  where  conducted  for  CrFe+  molecular  ion. 

Part  A:  Homonuclear  Diatomic  Ion 

Figure  8-1  shows  a  portion  of  the  resonant  two-color  photodissociation 
spectrum  for  the  58Ni2+  molecule.  The  vertical  axis  is  photocurrent  resulting  from 
dissociation  of  the  molecular  ion  and  the  horizontal  axis  gives  the  resonant  laser 
frequency.  The  tick  marks  above  the  spectrum  show  the  transitions  to  vibrational 
levels  within  the  excited  electronic  state.  In  the  region  between  1 1 ,000  cm"1  and 
18200  cm"1,  5  electronic  band  systems  have  been  identified  and  over  80 
vibrational  assignments  made.  Sharp  transitions  bluer  than  the  adiabatic  binding 
limit  of  the  molecule  (18,900  cm"1  [102])  have  also  been  observed,  however,  the 
density  of  states  and  the  complexity  of  the  one  photon  spectrum  have  rendered 
this  portion  difficult  to  analyze  (and  thus  will  not  be 
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Ni2+  Resonant  Two-Color  Photodissociation  Spectrum 
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Figure  8-1.  Two-Color  Resonant  Photodissociation  Spectrum  of  58Ni2+. 

A  portion  of  the  58Ni2+  resonant  two-color  photodissociation  (R2CD)  spectrum  in 
the  region  13000  to  17000  cm"1.  The  58Ni+  photocurrent  resulting  from  the  R2CD 
of  58Ni2+  ->  58Ni+  +  58Ni  is  shown  as  a  function  of  resonant  laser  frequency. 
Labeled  in  the  figure  are  the  five  electronic  band  systems;  The  vibrational 
numbering  of  the  upper  electronic  state  in  the  transition  is  indicated  with  vertical 
tick  marks.  All  transitions  originate  from  the  vibronic  ground  state  vibrationless 
ground  state  of  the  molecule  thereby  further  facilitating  the  spectral  analysis 
(there  are  no  hot  bands  observed). 
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reported  here).  The  ability  to  mass  select  and  simultaneously  monitor  the 
isotopically  varied  constituents  of  Ni2+  has  allowed  the  vibrational  assignment  of 
the  spectrum  shown  in  Fig. 8-1 .  Due  to  the  extensive  cooling  suffered  by  the  ions 
prior  to  spectroscopic  probing,  each  assigned  transition  originates  from  the 
vibrationless  level  of  the  ground  state. 

Table  8-1  lists  line  positions,  vibrational  quantum  numbering  and  isotope 
shifts  of  the  assigned  58Ni2+  photodissociation  excitation  transitions  (grouped  by 
electronic  state).  The  excited  state  nomenclature  is  in  accord  with  that  used  by 
other  spectroscopists  [101].  Specifically,  the  bracketed  quantity  gives  the 
vibrational  origin  of  the  band  system  in  thousands  of  wavenumbers  and  the 
number  following  is  the  total  angular  momentum  of  the  molecule  in  that  state,  Q. 
All  the  excited  states  with  an  omega  assignment  have  been  rotationally  analyzed 
[107]  and  a  question  mark  is  used  where  rotational  analysis  was  not  achieved. 

Our  experimental  procedure  allows  for  the  simultaneous  acquisition  of  the 
photodissociation  spectra  of  the  58Ni2+,  58Ni  60Ni+,  and  (58Ni  62Ni+  +  60Ni  60Ni+) 
isotopic  variants  of  the  nickel  dimer  cation.  The  spectral  shifts  among  these 
isotopes  is  an  unambiguous  function  of  the  vibrational  constants  and  the 
absolute  vibrational  quantum  numbering  [41].  A  subset  of  these  data  is  provided 
in  Table  8-1  (and  Figure  8-2)  as  justification  of  the  vibrational  assignment  of  the 
observed  vibronic  transitions.  Figure  8-2  shows  the  isotope  shift  between  58Ni2+ 
and  58Ni60Ni+  transitions  in  the  [13.07]9/2  state  as  a  function  of  vibrational 
quantum  number  (v '  +  Vz).  The  symbols  and  solid  curves  are  the  observed  and 
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Observed  and  Calculated  Isotope  Shift 

(58Ni2+  -  58Ni60Ni+) 
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Figure  8-2.  Excited  State,  [13.07]9/2,  Vibrational  Quantum  Number  Assignment. 


The  observed  (symbols)  and  calculated  (solid  curves)  isotope  shifts  for  the  band 
positions  of  58Ni2+  minus  58Ni260Ni2+  as  a  function  of  vibrational  quantum 
numbering  for  corresponding  transitions.  Excellent  agreement  can  be  seen 
between  the  central  calculated  solid  curve  and  the  observed  shifts  (triangles). 
The  remaining  solid  curves  are  calculated  assuming  the  upper  state  vibrational 
quantum  numbering  is  different  by  ±  1  quantum. 


Table  8-1.  Frequencies  of  Assigned  Transitions  in  58Ni2+  and  Observed  Isotope 
Shifts  [cm1] 


Transition 

58Ni2+ 

Line  Positions 

58-58Ni2+ 

-  58-60Ni2+ 

v'-v" 

Frequency 

Obs- 

Iso-Shift 

Obs- 

[09.86]  9/2  -  X  9/2 

7-0 

11106.7 

0.32 

9.87 

0.10 

8-0 

11279.8 

0.25 

11.15 

0.01 

9-0 

11451.6 

-0.02 

12.46 

-0.04 

10-0 

11622.2 

-0.36 

13.74 

-0.09 

11-0 

11792.3 

-0.02 

15.16 

0.02 

12-0 

11960.8 

-0.10 

16.39 

-0.05 

13-0 

12128.5 

0.19 

17.8 

0.09 

14-0 

12294.5 

-0.11 

18.89 

-0.08 

15-0 

12459.2 

-0.46 

20.03 

-0.17 

16-0 

12623.2 

-0.48 

21.76 

0.34 

17-0  * 

12785.8 

-0.63 

21.62 

-1.00 

18-0  * 

12947.7 

-0.40 

22.98 

-0.82 

19-0  * 

13109.3 

0.73 

26.27 

1.31 

20-0  * 

13268.2 

0.22 

26.66 

0.56 

21-0 

13426.3 

0.16 

27.73 

0.51 

22-0 

13583.2 

0.06 

28.12 

-0.20 

23-0 

13739.6 

0.51 

29.69 

0.29 

24-0 

13894.1 

0.32 

30.73 

0.26 

25-0 

14047.7 

0.39 

31.12 

-0.39 

26-0 

14200.1 

0.41 

32.54 

0.00 

27-0 

14350.8 

-0.21 

33.39 

-0.15 

28-0 

14500.2 

-0.88 

34.65 

0.12 

[12.83]  ?-X  9/2 

13-0 

15153.5 

0.34 

17.95 

-0.18 

14-0 

15322.8 

-0.30 

18.96 

-0.45 

15-0 

15491.4 

-0.46 

16-0 

15659.6 

0.28 

21.84 

-0.05 

17-0 

15825.6 

0.14 

23.09 

-0.01 

18-0 

15990.3 

-0.13 

24.74 

0.45 

Table  8-1 --continued. 


Transition  MNi2*  Line  Positions  ss-ss^j  ♦  _  58-60^  ♦ 


v'-v" 

Frequency 

Obs- 

Iso-Shift 

Obs- 

[12.83]  7-X9/2  19-0 

16154.4 

0.26 

20-0 

16314.9 

-1.76 

21-0 

16477.7 

-0.14 

[1 3.07]  9/2 -X  9/2  5-0 

13977.4 

-0.32 

6.8 

-0.26 

6-0 

14155.1 

-0.02 

8.42 

-0.06 

7-0 

14331.5 

0.23 

8-0 

14506.3 

0.20 

11.31 

0.05 

9-0 

14680  0 

0.19 

12.69 

0.07 

10-0 

I  VJ  \J 

14852  2 

-0.01 

14.18 

0.22 

11-0 

15023  1 

-0.20 

15.24 

-0.03 

19-0 

151Q3  3 

0.05 

16.56 

-0.01 

15361  9 

0.03 

18.28 

0.44 

14-0 

15529.3 

0.06 

19.07 

-0.03 

15-0 

15695.3 

-0.06 

20.24 

-0.09 

16-0 

15860.1 

-0.17 

21.41 

-0.13 

17-0 

16023.9 

-0.02 

22.97 

0.23 

18-0 

16186.5 

0.09 

23.91 

0.00 

19-0 

16347.3 

-0.23 

25.08 

0.02 

20-0 

16507.4 

-0.02 

25.9 

-0.29 

21-0 

16666.1 

0.05 

22-0 

16823.6 

0.15 

23-0  * 

16976.7 

-3.00 

24-0  * 

17136.4 

1.84 

25-0  * 

17293.8 

5.60 

26-0  * 

17441.8 

1.18 

27-0  * 

17598.3 

6.46 

28-0  * 

17750.8 

9.04 
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Table  8-1 --continued. 


Transition 

58Ni2*  Line  Positions 

58-58  m;  + 

Nl2 

58-60  Mi  + 

Nl2 

v'-v" 

Frequency 

Obs- 

Iso-Shift 

Obs- 

[12.83]  ?-X9/2 

29-  0  * 

30-  0  * 

17897.3 
18044.8 

6.89 
7.00 

[14.57]  9/2 -X  9/2 

7-  0 

8-  0 

15809.9 
15981.4 

-0.20 
0.25 

9-0 

16150.9 

0.17 

12.23 

-0.07 

10-0 

16318.8 

-0.09 

13.76 

0.18 

11-0 

16485.3 

-0.33 

15.05 

0.21 

12-0 

16651.1 

0.16 

16 

-0.05 

13-0 

16814.9 

0.03 

16.84 

-0.41 

14-0  * 

16976.7 

-0.73 

17.63 

-0.80 

15-0  * 

17136.5 

-1.93 

18.35 

-1.23 

16-0  * 

17293.8 

-4.26 

17-0  * 

17449.0 

-7.31 

18-0  * 

17603.5 

-9.62 

19-0  * 

17752.0 

-16.5 

20-0  * 

17902.5 

-20.0 

21-0  * 

18051.9 

-23.1 

[14.96]  7/2 -X  9/2 

8-0 

16265.7 

-0.09 

9.88 

-0.37 

9-0 

16426.1 

0.65 

10.3 

-1.23 

10-0 

16583.7 

-0.68 

11-0 

16741.7 

-0.95 

13.86 

0.20 

12-0 

16902.1 

1.80 

15.48 

0.17 

13-0 

17056.5 

-0.73 

16.88 

-0.33 

*  Not  included  in  regression 
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Table  8-2.  Molecular  Constants  for  58Ni2+  [cm'1] 


Transition 

[09.86J9/2- 
X9/2 

[12.83]?-X9/2 

[13.07]9/2- 
X9/2 

[14.57J9/2- 
X9/2 

[14.96]7/2- 
X9/2 

Teo 

9770.4 

12736.4 

12979.8 

14482.1 

14880.9 

182.5 

187.4 

184.9 

182.4 

165.8 

0.58 

0.62 

0.62 

0.71 

(0.34) 

calculated  shifts,  respectively.  The  solid  curve  through  the  center  of  data  points 
(triangles)  gives  the  correct  quantum  number  assignment  while  the  other 
remaining  curves  are  calculated  assuming  the  vibrational  index  is  different  by  ±1 
quantum  number.  Table  8-1  also  lists  the  residuals  to  a  least  squares  fit  of  the 
vibronic  band  origins  to  the  standard  formula,  Equation  3-1,  from  which  the 
constants  Teo ,  coe'  and  o)exe'  were  derived  (Table  8-2).  Perturbations  were 
identified  as  transition  frequencies  with  a  discrepancy  of  significantly  greater  than 
one  standard  deviation  from  the  fit  to  Eqn.  3-1  and/or  an  inconsistent  set  of 
isotope  shifts.  Perturbed  upper  state  vibronic  levels  were  not  included  in  the  final 
regression  analysis  and  determination  of  vibrational  constants.  Typically  these 
perturbations  were  found  in  the  bluer,  more  congested  region  of  the  spectrum. 
Note  that  the  value  of  the  anharmonicity  constant  of  the  [14.96]7/2  state  (in 
parenthesis,  Table  8-2)  is  poorly  determined  due  to  the  small  sample  of  data; 
only  six  transitions  were  observed  in  the  [14.96]7/2  -  X9/2  system.  The 
approximate  vibronic  band  origins  were  consistently  chosen  as  most  intense 
feature  of  each  band,  i.e.  the  Q-branch  head.  Full  rotational  analysis  [107] 
shows  that  the  difference  between  the  true  vibronic  band  origin  and  the  Q-branch 
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head  is  typically  less  than  a  wavenumber. 

Figure  8-3  shows  the  vibrational  structure  of  Ni2+  in  a  plot  of  transition 
energy  versus  excited  state  quantum  number  (v'  +  Vz).  The  solid  curves 
represent  the  fit  to  equation  (3-1)  and  the  symbols  are  the  experimentally 
observed  vibronic  band  origins.  Despite  the  perturbations  which  are  evident  in 
this  spectrum  the  overall  fit  to  eq.  (3-1)  is  quite  good.  This  figure  clearly  shows 
that  all  five  electronic  states  have  nearly  identical  vibrational  structure. 

Selected  isotope  shifts  of  corresponding  unperturbed  transitions  in 
58Ni60NP  and  58Ni2+  in  two  electronic  band  systems,  [09.86]9/2-X9/2  and 
[13.07]9/2-X9/2  were  scrutinized  to  obtain  an  estimate  of  the  ground  state 
vibrational  frequency.  The  effect  of  the  anharmonicity  of  the  ground  state  was 
ignored  in  this  determination.  This  analysis  provides  a  value  of 
coe"  =  270  ±  25  cm"1,  significantly  greater  than  all  of  the  excited  states  thus 
observed  for  this  molecule. 

Discussion 

Resonant  two-photon,  one-color  transitions  as  red  as  16,300  cm"1  have 
been  reported  before  [106].  This  work  provides  an  improvement  of  the  former 
study  and  a  refinement  of  the  molecular  constants.  Moreover,  inclusion  of  the 
rotational  analysis  of  selected  vibronic  bands  [107]  has  provided  Q  assignments 
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The  Vibronic  Structure  of  58Ni2+ 


[09.86]9/2 

[12.83]? 

[13.07]9/2 
• 

[14.57]9/2 
z 

[14.96]7/2 


0       5       10      15      20      25  30 
Vibrational  Quantum  Number  (v'+1/2) 


Figure  8-3.  Assigned  Excited  States  in  58Ni 


The  observed  vibronic  band  origins  (symbols)  of  five  systems  in  58Ni2+  and  the 
least  squares  fit  of  this  data  to  equation  3-1  (solid  curves).  The  legend  at  the 
right  identifies  the  upper  state  of  each  band  system  (the  lower  state  in  each 
system  is  the  vibronic  ground  state).  The  assigned  line  positions  and  residuals 
to  the  fit  are  listed  in  Table  8-1 .  The  vibrational  constants  derived  from  the  fit  are 
found  in  Table  8-2. 
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of  the  electronic  states  involved  in  four  band  systems.  Two  new  excited  states 
have  been  identified  and  spectroscopically  characterized  for  the  first  time  in  this 
study. 

A  striking  consistency  exists  in  the  vibrational  structure  of  the  low-lying 
excited  states  of  Ni2+.  All  but  one  of  these  states  have  about  the  same 
vibrational  frequency  (184  cm"1)  and  anharmonicity  (0.6  cm"1).  This  consistency 
is  graphically  represented  in  Fig.  8-3.  Only  one  excited  state  observed  has  a 
significantly  different  (lower)  vibrational  frequency  than  this  manifold  of  states 
and  it  is  the  only  state  confirmed  to  have  a  different  total  electronic  angular 
momentum  (0'  =  7/2  as  opposed  to  Q'  =  9/2  for  all  other  confirmed  states 
including  the  ground  state).  In  addition,  all  the  excited  states  have  a  significantly 
lower  vibrational  frequency  (and  a  significantly  longer  bond  length  [107])  than 
that  of  the  ground  state  (u)e"  =  270  ±  25  cm"1). 

A  somewhat  similar  situation  exists  in  the  neutral  dimer  Ni2.  All  the 
observed  vibrational  frequencies  of  the  excited  states  of  the  nickel  dimer  neutral 
(209  cm"1<=(oe'<=234  cm"1,  [101])  are  smaller  than  that  of  the  ground  state 
(coe"  =  280  ±  20  cm"1  [12],  259.2  ±  3.0  cm"1  [108]).  This  has  been  attributed  [101] 
to  a  change  in  the  bond  order  from  1  to  J4  upon  excitation  in  the  neutral  molecule 
(3d83dVo*  -  3d93d9o2). 

Note  that  the  excited  states  of  bond  order  1/2  in  the  neutral  Ni2  molecule 
have  a  similar  but  slightly  higher  vibrational  frequency  than  the  excited  states 
observed  in  the  Ni2+  ion.  Perhaps,  then,  the  excited  states  of  Ni2+  are  also  of 
bond  order  1/2,  with  an  electronic  configuration  of  3d83d8o2o*  or  more  likely 
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3d93d9o.  But  the  ground  state  of  Ni2+  has  a  vibrational  frequency  similar  to  that 
of  Ni2  and  a  binding  energy  that  is  slightly  higher  (2.32  eV  for  the  ion  [102,109] 
2.042  eV  [101]  for  the  neutral).  This  implies  a  ground  state  with  a  bond  order  of 
1  and  perhaps  an  electronic  configuration  of  3d93d8o2.  An  interesting 
interpretation  of  this  configuration  is  that  of  a  ground  state  neutral  Ni  atom 
(3d84s2)  forming  a  coordinate  covalent  (dative)  bond  with  a  ground  state  Ni+ 
(3d9). 

The  picture  which  arises  for  the  ground  and  low-lying  states  of  Ni2  and  Ni2+ 
consistently  implies  the  lack  of  significant  d-orbital  contribution  to  the  bonding  in 
these  molecules.  This  is  consistent  with  d-orbital  contraction  in  the  late  transition 
period  metals.  In  fact,  this  leads  to  a  molecular  orbital  description  of  three  charge 
states  of  the  nickel  dimer:  Ni2+  Sd^dV,  Ni2  3d93d9o2  [101],  Ni2"  3d93dW 
[108],  that  is  somewhat  consistent  with  the  observed  bond  energies:  2.32  eV, 
2.04  eV  [101],  and  1.84  eV  [110]  for  Ni2+,  Ni2  and  Ni2"  respectively.  Presumably 
the  increase  in  bond  energy  between  Ni2  and  Ni2+  is  due  to  the  presence  of 
charge  induced-dipole  forces  in  the  dissociation  of  the  ion.  What  remains  most 
puzzling  are  the  major  differences  between  Ni2  and  Ni2+: 

1)  Ni2+  has  high  electron  orbital  angular  momentum  in  its  ground  state  (Q"  = 
9/2)  but  Ni2  has  low  angular  momentum  (Q"  =  0) 

2)  Ni2+  has  a  larger  adiabatic  binding  energy  than  Ni2,  but  actually  has  a 
longer  bond  length  (cation  2.242  A  [10];  neutral  2.1545  A).  Perhaps  this  is 
the  effect  of  the  charge  induced-dipole  forces  absent  in  the  neutral  dimer. 
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3)  High  level  ab  initio  theory  [105]  predicts  the  correct  ground  state  angular 
momentum  for  Ni2  but  not  Ni2+ 

4)  Theory  [105,  111]  accurately  predicts  the  bond  length  of  Ni2+  but  not  Ni2 

The  more  the  details  of  such  complex  diatomic  molecules  are  understood,  the 
better  will  it  be  to  predict  the  behavior  of  larger  molecules  or  even  real  catalytic 
surfaces.  But  with  a  more  immediate  perspective,  hopefully,  the  data  presented 
here  will  be  helpful  for  new  or  revised  theoretical  studies  of  isolated  transition 
metal  molecular  systems. 

Part  B:  Heteronuclear  Diatomic  Ion 

In  the  past  decade,  both  neutral  [112-3]  and  charged  [1 14-5] 
heteronuclear  diatomic  ions  have  been  a  subject  of  various  research  groups  and 
theory  has  predicted  some  of  the  spectroscopic  constants  for  various  metal 
dimers  [116-8].  Despite  tremendous  effort  undertaken  by  several  groups  clear 
understanding  of  the  bonding  and  electronic  structure  in  these  cluster  systems  is 
not  yet  forthcoming. 

What  makes  the  study  of  these  clusters  fascinating  is  the  complexity  or 
mystery  that  both  experiments  and  calculations  have  to  unravel  regarding  the 
electronic  configuration  and  binding  nature  of  the  partners.  Most  neutral 
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Figure  8-4.  Photodissociation  Spectrum  of  52Cr56Fe+. 


A  portion  of  the  photofragmentation  excitation  spectra  of  "Cr^Fe*  observed  in 
the  region  of  12  250  to  12  650  cm"1  is  shown.  The  bottom  panel,  shows  one-color 
dissociation  (*also  one-photon  transition,  see  Fig.  8-5)  and  is  labeled  as  such; 
while  the  top  panel  obtained  under  conditions  that  favor  two-color 
photodissociation  ("see  Figure  8-6)  reveals  new  peaks  to  the  red  of  12  600  cm"1. 
The  dashed  line,  at  12  600  cm"1  marks  the  upper  limit  to  the  adiabatic  binding 
energy  of  CrFe*  (D0"  =1 2  600  +  1 00  cm'1).  The  onset  of  one  photon  dissociation, 
in  the  blue,  near  the  dashed  line  occurs  in  all  isotopic  variants  of  CrFe*. 
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transition  metals  are  in  the  dn  s2  ground  state  electron  configuration  and 
generally  are  promoted  to  the  excited  state  dn+1  s1  atomic  limit  in  order  for  the 
strongest  bond  to  form,  for  example  Ni2  [101].  Of  course,  the  cost  of  the 
promotion  energy  has  to  be  lower  than  the  gain  that  results  from  forming  a  o  - 
bond.  Extensive  literature  on  neutral  dimer  exists  both  from  experiment  [98]  and 
theory  [116],  however,  little  is  known  about  dimer  cations.  Spectroscopic 
parameters  of  Ni2+  have  been  discussed  in  Part  A  ;  data  obtained  from 
photodissociation  studies  of  CrFe+  are  discussed  here  and  this  information 
contributes  to  the  growing  data  base  of  metal-metal  ions. 
The  Binding  Energy  of  (CrFe^ 

Figure  8-4  shows  the  photodissociation  action  spectrum  of  "Cr^Fe*  - 
52Cr+  +  56Fe  jn  the  vjSjD|e  region  (12  250  to  12  650  cm"1).  The  bottom  trace  shows 
a  one  color  dissociation  (which  is  also  one  photon,  see  Figure  8-5)  spectrum. 
The  lowest  energy  transitions  that  lead  to  a  single  photon  dissociation  are  found 
just  above  12  600  cm"1  (marked  with  a  dashed  line)  for  all  isotopic  variants  of 
CrFe+  and  increase  in  occurrence  to  the  blue.  The  onset  of  one  photon 
dissociation  transition  at  12  629  cnr1  indicates  a  threshold  for  a  dissociation 
mechanism  which  ultimately  sets  the  upper  limit  of  D0"  =  12  600  +  100  cm"1  for  the 
adiabatic  dissociation  energy  ,  of  Cr+-Fe.  The  observed  transition  via  one  color 
technique  is  clearly  due  to  a  one-photon  dissociation  mechanism  as  confirmed  by 
a  linear  laser  power  dependence  of  the  dissociation  yield,  shown  in  Figure  8-5. 
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Figure  8-5.  Evidence  of  One-Photon  Dissociation  in  CrFe+. 


The  figure  shows  a  linear  relationship  between  the  average  photofragmentation 
yield  (vertical  axis)  and  the  laser  power  (horizontal  axis).  This  behavior  confirms 
that  the  transition  observed  for  "Cr^Fe*  -  52Cr+  +  56Fe,  at  12  629  cm"1  is  a 
single-photon  transition. 
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Figure  8-6.  Evidence  of  Two-Color  Photodisociation  in  CrFe+. 


The  figure  is  obtained  by  setting  the  excitation  laser  on  a  resonance  transition  at 
12  379.8  cm"1  (with  =  5  mJ/cm2  pulse)  and  its  pulses  are  scanned  in  time  relative 
to  a  fixed  non-resonant  dissociation  laser  pulse  (@  641.6497  nm  with  =  25 
mJ/cm2  pulse).  When  the  two  lasers  cross  (-1200  ns) ,  referenced  as  0  ns  laser 
pulse  delay  in  this  figure,  a  sharp  change  in  the  dissociation  yield  is  indicative  of 
two-color  enhancement.  This  transition  is  marked  with  two  asterisks  in  Figure  8-4 
and  together  with  the  peaks  around  12  525  cm"1  serve  as  a  lower  limit  to  the 
adiabatic  binding  energy  of  CrFe*. 


In  order  to  obtain  the  two-color  photodissociation  (R2CD)  spectrum,  the 
first  excitation  laser  pulse  (  *  5mJ/cm2  pulse)  is  used  to  resonantly  prepare  some 
vibronic  level  of  the  molecular  ion  but  does  not  alone  induce  significant 
dissociation.  The  second  dissociation  laser  pulse  delayed  by  -1200  ns  from  the 
first  laser,  dissociates  the  prepared  excited  molecular  ions.  The  dissociation 
laser  was  fixed  at  641 .6497  nm  which  is  non-resonant  with  the  nascent  parent 
ions.  This  technique  when  successful  (R2CD)  is  a  powerful  tool  of  probing 
excited  states  that  with  one  color-dissociation  alone  would  otherwise  be 
undetectable.  The  two  color  spectrum  in  Figure  8-4,  upper  trace,  has  several 
peaks  to  the  red  of  12  600  cm"1  that  do  not  occur  in  the  one  color  spectrum.  The 
peak  at  12  379.8  cnrr1  is  highlighted  in  Figure  8-6  where  the  timing  scan  between 
the  resonant  excitation  laser  pulse  and  the  non-resonant  dissociation  laser  pulse 
indicates  that  this  transition  is  indeed  due  to  a  resonant  two  color 
photodissociation,  R2CD,  (two  photon)  mechanism,  shown  in  Figure  2-8.  The 
decay  of  the  curve  in  Figure  8-6  is  directly  related  to  the  lifetime  of  CrFe+  in  the 
probed  excited  state.  Unfortunately,  due  to  variety  of  decays  that  this  molecular 
ion  undergoes,  the  exact  determination  of  the  lifetime  has  become  obstructed. 
Evidence  of  Two  Pathways  in  the  Photofraqmentation  of  CrFe* 

For  homonuclear  diatomic  ions,  localization  of  the  charge  (positive  or 
negative)  is  trivial.  However,  in  heteronuclear  diatomic  ions,  the  electron  density 
is  polarized  such  that  the  positive  charge  is  placed  on  the  metal  with  a  lower 
ionization  potential.  However,  in  this  study  CrFe1"  photodissociates  to  produce 
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both  Cr+  and  Fe+  as  photoproducts,  in  spite  of  the  difference  in  the  first  ionization 
potentials:  ( IP  of  6.766  eV  for  Cr  [1]  and  IP  of  7.870  eV  for  Fe  [1]) 

Figure  8-7  shows  a  portion  of  the  one  color  resonant  photodissociation 
spectrum  in  the  region  12  250  to  13  050  cm"1  with  evidence  of  the  two 
dissociation  pathways:  (a)  CrFe+  -  Cr+  +  Fe  or  (b)  CrFe+  -  Fe+  +  Cr.  The  bottom 
panel  shows  the  lighter  molecular  ion  "Cr^Fe*  dissociating  via  path  (a);  while  the 
top  panel  shows  both  the  heavier  isotopic  variant  "Cr^Fe*  also  separating  by 
following  the  first  path  (a)  and  a  different  dissociating  channel  for  "Cr^Fe* ,  that 
is  path  (b).  The  dashed  line  at  12  600  cm"1  serves  the  same  purpose  as  already 
explained  in  Figure  8-4,  that  is,  it  sets  an  upper  limit  to  the  adiabatic  energy  of 
CrFe+.  To  the  blue  of  this  threshold  all  observed  transitions  are  due  to  path  (a) 
with  preference  of  Cr+  ion  as  a  photofragment  with  measured  resonant  features 
up  to  17  250  cm"1.  However,  the  overly  congested  spectrum  has  made  it  difficult 
to  assign  vibrational  progressions. 

Interesting  and  yet  unclear  dynamics  take  place  to  the  red  of  12  600  cm  "\ 
that  is,  in  addition  to  detecting  Cr+  photofragment,  Fe+  is  produced  as  a  product. 
Why?  In  an  attempt  to  provide  "hints'  for  the  occurrence  indicated  in  Figure  8-7,  a 
laboratory  kinetic  energy  spectrum  (shown  in  Figure  8-8)  of  photoexcited  CrFe+ 
was  measured.  That  is,  the  field  strength  of  the  180°  kinetic  energy  filter  is 
scanned  to  transmit  produced  fragment  ions  from  the  mass-selected  CrFe+ 
complex.  The  spectrum  shown  in  Fig. 8-8  maybe  considered  as  a  secondary  mass 
spectrum  since  for  the  experimental  design  in  the  Brucat  laboratory  the  ratio  of 
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CrFe+  Products 


415  425  435  445  455  465  475  485  495  505  515  525  535 

Lab  energy  (volts) 


Figure  8-8.  Products  Produced  in  the  Photodissociation  of  CrFe+. 


This  figure  shows  two  photofragments  of  CrFe+  from  dissociating  the  parent  ion 
with  two  different  laser  frequencies:  1)  at  a  higher  frequency  14  764.0  cm"1  the  Cr+ 
photofragment  is  detected  as  a  primary  product  and  2)  in  the  red,  12  379.8  cm'1 
Fe+  is  favored.  In  this  spectrum,  the  field  strength  of  the  180°  electrostatic  sector 
is  scanned  to  transmit  produced  fragment  ions  from  the  isolated  CrFe+  molecular 
ion. 
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Table  8-3.  Experimental  and  Theoretical  Ground  State  Binding  Energies,  D0"  in 
eV,  of  Transition  Metal  Dimer  Cations. 


Molecular 

Experiment 

Experiment 

"Estimated 

Theory 

***Calc. 

1  *  mm 

Ion 

/Dm 

(PD) 

(UU) 

0/  Prrnr 

/o  error 

%  Frrnr 

Ti2 

z.4o 

\/ + 

V2 

"3  -1  A3 

0.  1 0 

n 

U.J9 

Cr2 

2.13 

2.74y 

I  .oo 

1  ^ 
I  o 

Mn2+ 

1.39c 

0.85h 

39 

1.08' 

28 

Fe2+ 

2.92d 

2.72' 

6.8 

Co2+ 

2.76a 

1.929 

30 

Ni2+ 

2.32e 

2.08J 

10 

1.86m 

20 

CrFe+ 

1.55f 

*Collisional  induced  dissociation  (CID)  measurements  are  good  to  within  50%  error. 
"Estimated  %  error :  (PD-CID)/(PD)*100 
***Calc.  %  error :  (PD-Theory)/(PD)*100 

aRef  [119],  bRef.  [120],  cRef.  [121],  dRef.  [122],  eRef.  [102],  This  work,  9Ref.  [123],  hRef. 
[124],  'Ref.  [125],  'Ref.  [110],  kRef.  [126],  'Ref.  [127],  mRef.  [105] 


parent  to  daughter  mass  is  equivalent  to  that  of  parent  to  daughter  kinetic  energy. 
That  is,  for  an  isolated  parent  "Cr^Fe*  ion,  the  voltage  difference  of  940  V 
(referred  to  as  Lab.  energy  in  Fig.  8-8)  was  applied  to  the  hemispherical 
electrostatic  sector  for  optimum  transmission  of  parent  ions  having  ca.  1450  V 
kinetic  energy.  The  photoexcited  CrFe+  ion  (prior  to  entrance  to  the  electrostatic 
sector)  produced  52Cr+  ion  fragment  determined  at  laboratory  energy  of  452  V 
whereas  56Fe*  ion  fragment  action  occurred  at  487  V.  The  transition  at  12  379.8 
cm  1  favored  the  second  pathway  with  Fe+  detected  as  a  photoproduct  while  the 
transition  at  14  764.0  cm  1  favored  the  first  pathway  resulting  mainly  in  Cr+ 
photofragment. 
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Overview 

In  this  chapter,  binding  energies  of  both  Ni2+  and  CrFe+  have  been 
presented.  High-resolution  photodissociation  spectroscopy  (specifically  R2CD) 
has  provided  both  excited  and  ground  states  spectroscopic  constants  for  Ni2+. 
Two  pathways  in  the  photofragmentation  action  spectrum  of  CrFe+  have  been 
measured.  Comparisons  of  observed  bond  energies  of  diatomic  metal  cations  via 
photodissociation  spectroscopy  to  estimations  from  collisional  induced 
dissociation  (CID)  methods  and  theoretical  predictions  are  made  in  Table  8-3. 
These  values  provide  critical  test  for  CID  methods  for  determining  accurate 
thermochemistry  for  transition  metal  cluster  and  also  test  for  theoretical  models. 
Both  theory  and  CID  methods  indicate  an  approximately  30  %  deviation  from 
photodissociation  experimental  observations. 


CHAPTER  9 
CONCLUSIONS 


Earlier  work  [4,5]  in  the  Brucat  research  group  involved  the 
characterization  of  a  variety  of  novel  cluster  ions  studied  via  photodissociation 
spectroscopy  in  the  visible  region.  Experimental  data  indicate  that  the  bonding  in 
metal  cation-ligand  systems  is  diverse  and  depends  greatly  on  the  electron 
configuration  of  the  metal  cation.  This  is  illustrated  in  numerous  tables  of  data 
completed  in  the  past  decade.  The  first  tabulation  of  molecular  constants 
(completed  in  1992)  for  the  following  diatomic  ions  VAr+,  CoAr* ,  NiAr+,  ZrAr+, 
CaKr+,  VKr+,  CoKr+ ,  CrAr+ ,  Cr2+,  Ni2+  and  Ca2+  appeared  elsewhere  [4],  in 
addition,  the  following  polyatomic  ions  V(H20)+,  V(C02)+,  V(NH3)+  and  V(N2)+ 
were  also  spectroscopically  probed. 

Since  1992  the  above  molecular  ions  have  been  re-visited  and  constants 
of  new  excited  states  occurring  redder  (lower  energy  region)  than  the  above 
study  for  CoAr+,  NiAr+  and  ZrAr+  have  been  measured  and  are  tabulated  in  this 
reference  [5].  New  spectroscopic  constants  for  the  following  molecular  ions, 
Co(H20)+,  Ni(H20)+ ,  Ni(C02)+,  Co(C02)+  and  Co(N2)+  are  also  tabulated  [5]. 
Tables  9-1  and  9-2  summarize  both  revised  and  new  molecular  constants  for  the 
research  work  completed  here. 
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An  increase  in  binding  energy  as  a  function  of  the  size  of  the  rare  gas  in 
all  investigated  molecular  ions  is  observed  [  see  Chapter  4].  This  behavior  is 
due  to  increasing  polarizability  in  the  series,  Ar  <  Kr  <  Xe.  CoAr+  is  a  very 
interesting  and  yet  rich  system  and  it  is  not  surprising  that  it  is  still  currently  been 
investigated  in  the  Brucat  research  group.  The  first  excited  states  to  be  studied 
(A,  B,  C  [4])  have  been  re-labeled  as  b,  C,  D  respectively  and  A  [5]  as  A.  The 
purpose  of  re-examining  this  molecular  ion  here  was  not  to  determine  new 
excited  states  since  that  has  been  done  [5],  however,  there  was  a  gap  of  about 
500  cm"1  between  data  acquired  in  1989  and  that  competed  in  1994  and 
perturbations  in  the  spectrum  made  it  necessary  to  do  further  investigations  for 
completeness  of  this  study. 

However,  trends  in  the  binding  energy  as  a  function  of  the  size  of  the 
metal  cation  are  not  trivial  to  speculate;  from  both  experimental  observations 
[Chapter  5]  and  theoretical  predictions  [91 ,116].  Nonetheless,  as  a  general 
trend,  the  d-orbital  contraction  plays  a  vital  role,  meaning  that,  for  a  transition 
metal  atom  with  a  higher  atomic  number  the  contraction  is  larger,  thus  the  rare 
gas  or  ligand  is  capable  to  bind  'stronger*  to  a  smaller  size  atomic  ion.  As  a 
result  metal  cations  with  an  occupied  s-orbital  have  relatively  smaller  binding 
energies  due  to  increase  radial  distance.  Photodissociation  of  TaAr+  provides, 
for  the  first  time,  spectroscopic  details  (of  both  ground  and  excited  states)  for  a 
third-row  containing  transition  metal  cation,  complex  to  be  studied. 
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In  addition,  high-resolution  photodissociation  of  FeCO*  [Chapter  7] 
pioneers  the  series  of  transition  metal  cation-carbonyl  complexes  that  are 
spectroscopically  probed.  The  photodissociation  study  of  Fe(C02)+  adds  a  forth 
system  to  the  already  investigated  V(C02)+  [97],  Co(C02)+  [17]  and  Ni(C02)+  [86] 
molecular  ions,  which  aid  in  learning  more  about  the  trends  in  binding  energies 
as  a  function  of  the  size  of  the  transition  metal  ion.  The  bond  strength  increases 
in  the  series  Fe(C02)+  <  V(C02)+  <  Co(C02)+  <  Ni(C02)+. 

The  binding  energy  of  a  heteronuclear  diatomic  ion,  CrFe+,  has  been 
determined  as  1.55  eV  [Chapter  8].  In  addition,  new  information  about  the 
excited  states  of  Ni2+  are  presented. 

In  the  future,  related  systems  of  other  transition  metals  can  be 
investigated  in  addition  to  second  ligands  added  to  the  simplified  binary  ion 
(M+-L)  complexes.  Hopefully,  examples  of  systems  containing  other  transition 
metals  (essentially  all  transition  metals)  when  completed  will  provide  solid 
benchmarks  for  theoretical  models. 


APPENDIX  A 

GENERATION  OF  IONS  OR  MOLECULES  IN  THE  PLASMA  AND 
DETERMINATION  OF  THE  CONCENTRATION  OF  CARRIER  GAS  MIXTURE 


Generation  of  Ions  or  Molecules 


In  order  to  successfully  study  mass-selected  molecular  ions  using 
photodissociation  spectroscopy  a  sufficient  number  of  ions  have  to  be  generated 
in  the  plasma.  The  studied  molecular  ions,  in  this  dissertation,  are  produced  in  a 
pulsed-laser-driven  supersonic  expansion  source.  The  formation  of  ions  is 
initiated  by  the  interaction  of  Nd3+  :YAG  pulsed  laser  (532  nm  light  with  7  ns 
duration  and  10  -  40  mJ/pulse)  with  a  solid  target.  Ionization  and  heating  rates 
are  determined  by  the  intensity  and  duration  of  the  laser  pulse.  The  laser  light  is 
focused  to  a  point  smaller  than  1  mm  in  diameter  which  corresponds  to  a  photon 
fluence  of  108  to  109  W/cm2  at  the  rod  surface.  An  estimation  of  vaporized 
material  is  given  by  [128]; 


where  U  is  the  internal  energy  per  laser  pulse,  AHvap  is  the  heat  of  vaporization  of 
the  metal  and  NA  is  Avagadro's  number.  However,  the  fractional  ionization  of 


No.  of  molecules 
pulse 


(A-l) 


178 


179 

vaporized  material  is  a  function  of  the  initial  temperature  of  the  plasma  which  is 
estimated  as  7000  K  here. 

Upon  interrogation  with  green  light  (532  nm)  the  spatial  profiles  of  the  ion 
and  the  electron  density  at  the  surface  of  a  target  rod  changes,  that  is,  the  ion 
density  decreases  from  solid  state  value  down  to  zero  where  as  the  electrons 
spread  out  to  some  extent.  The  Saha  equation  [128]  relates  the  electron  number 
density  ne  to  the  number  densities  n  j  and  n  M  of  two  ions  that  differ  by  only  one 
stage  of  ionization,  and  the  relationship  is  given  by: 


nn,  _  2u^2nrakT  ^  (A  2) 

ni-i         uo  h2 


where  Uj  and  u0  are  electronic  partition  functions.  Thus  the  fraction  of  ions  can 
be  estimated  as; 


No.  of  ions 
pulse 


No.  of  molecules 
pulse 


*  e 


-if 

kT 


(A-3) 


For  an  example,  we  assume  the  target  metal  is  iron:  substituting  the 
ionization  potential  (IP)  of  iron  (7.87  eV  [1])  and  the  heat  of  vaporization  (351 
kJ/mol  [1]),  with  a  laser  pulse  of  20  mJ/pulse  into  Eqn.  3,  will  give  roughly  1010 
ions  and  about  a  factor  of  100  to  1000  will  be  lost  in  the  collimating  process 
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following  the  adiabatic  expansion.  Which  leaves  approximately  107  to  108  ions 
made. 


Determination  of  the  Concentration  of  Carrier  Gas  Mixture 


For  all  investigated  molecular  ions,  [  Chapters  3  to  8  ],  approximately  a  1 
%  seeded  carrier  gas  of  He  with  the  ligating  species  was  used.  The 
concentration  of  the  prepared  gas  mixture  can  be  measured  by  using  the  time  of 
arrival  at  the  "A"  chamber  (obtained  from  using  the  Brucat  group  experimental 
apparatus)  using  the  following  expression, 


\ 


M 


M 


He 


(A-4) 


The  arrival  time  of  the  molecular  beam  depends  on  the  speed  of  sound  of 
the  carrier  gas.  On  average  the  time  of  arrival  (TOA)  of  the  generated  molecular 
beam  using  pure  He  as  a  carrier  gas  is  620  (is.  However,  for  a  seeded  gas  the 
TOA  is  expected  to  increase  as  a  function  of  the  ligating  gas  average  molecular 
weight.  Typical  recorded  TOA  from  the  experiment  with  a  1  %  Ar  tank  is  647  \is. 


APPENDIX  B 

DETERMINATION  OF  LEROY-BERNSTEIN  CONSTANT,  -K4/3,  FOR  DERIVING 
THE  POLARIZABILITY  OF  A  RARE  GAS  ATOM  IN  THE  PRESENCE  OF  A 

POSITIVE  CHARGE 


The  LeRoy-Bernstein  (LB)  constant  (-  K4'3)  is  unique  for  each  studied 
diatomic  ion  and  can  be  directly  derived  from  the  slopes  of  LB  plots  [chapters  4 
and  5].  K  which  is  a  combination  of  fundamental  constants  is  defined  as  [14, 


where  n  is  the  order  of  1/r  in  the  long-range  attractive  part  of  the  diatomic 
potential.  For  diatomic  ions  whose  principal  force  is  the  charge-(induced  dipole), 
n  =  4.  T  is  the  standard  gamma  function  [129],  |i  is  the  reduced  mass  of  the 
diatomic  and  h  is  the  Planck  constant.  The  gamma  function  is  evaluated  below 

as, 


K  = 


hC  Vnnr(UVn) 


(B-l) 


(2nu)1/2l~(1/2+1/n) 


nr(1+1/n)  .  4*r(1.250)  = 
f(1/2+1/n)  r(0.750) 


4*0.90640247 
1.2254167 


=  2.95866 


(B-2) 


and  C  is  defined  as, 


q2a  _  (4.8024*10  10est7)2a 


(B-3) 


2  2 
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where  a  is  the  polarizability  in  cm3  and  q  is  a  full  electron  charge  on  the  metal 
(1  esu  =  cm 3/2  g1'2  s 1 ).  Then  C1'4  yields, 

C-1'4  =  (54279.6302  a1'4 )  g  1/4  cm"3'2  s1'2 

Substituting  the  standard  constants,  results  of  steps  (B-2)  and  (B-3)  into  equation 
(B-1)  simplifies  K  into, 

(6.626*10"27g  cm2  s-1)(2.95866)(54279.6302a  1V1/4cm  3/2s1/ 

(2.5066u1/2g1/2) 

evaluating  all  the  numbers  K  can  be  expressed  as, 

K  =  (4.2452*10  22  a1'4  u"1'2 )  g  1,4  cm  1,2  s"1'2 

converting  to  SI  units  yields, 

K  =  (7.5479656*10  "24  a1'4  \xm )  Kg1/4  m  1/2  s1'2 

Converting  joules  into  wavenumbers  (since  1  J  =  kg  m2  s"2) 

K  -  7.5479656 *  1 0 ~24a  ~1/4J 1/4  *  (50341.1cm  T<  (B.5) 

(1*10"18J)1'4 

then  collecting  all  the  values  yields  K  of, 

K  =  (3.57528*10"18  a1'4  n"1/2)  cm"1'4 

By  converting  the  polarizability  (a)  cm3  into  A3  and  representing  the  reduced 
mass      in  amu  the  above  value  of  K  can  be  re-written  as, 

K  =  (3.57528*1 0-18  a1'4  n" 1/2 )  cm1'4  (10"24)-1'4  (6.022*1 023)1'2 
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which  yields, 

K  =  2.774  a1'4  n  1,2 


then, 


K4/3  =  ^898 

M2/3a1/3 


Finally  we  examine  the  cube  of  equation  (B-6), 


Ky   =    -59.228  (B_7) 


a 
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